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Abstract 
Recently, it was found that strains of the soil bacterium Rhizobium leguminosarum 
biovar trifolii, which normally infect and nodulate clovers, can also associate and 
colonise different rice culutivars. When rice seedlings were inoculated with these 
rhizobia, there was a strain-specific response in the growth of the seedlings. This thesis 
examines the interaction of Rhizobium strains with rice. The following approaches were 
investigated to increase our understanding of the effects of Rhizobium on the early 
growth and development of this rice-Rhizobium association by: (a) using of a reporter 
GFP construct in colonisation studies and following the progress of colonisation of 
GFP-labelled rhizobia; (b) locating the rhizobia genes involved in the interaction by 
deleting and curing the plasmids and comparing these changes with the genomic 
sequence of Sinorhizobium meliloti Sm1021. These studies were further refined by; (c) 
the use of R-primes, cosmid libraries and Tn5-Mob constructs; (d) the application of 
exogenous phytohormones and compounds regulating the auxin phytohormone 
pathway; (e) GC/MS quantification of IAA produced by different bacterial strains; and 
(f) the use of a plant bioassay to mimic rice growth under paddy field conditions. 
It was found that legume-associated Rhizobium strains can intimately associate with 
and enter rice roots within 48 h. However, the rice-Rhizobium association is a complex 
interaction between the medium, the non-legume host and rhizobia. Under certain 
conditions, rhizobia could either promote (eg., strain R4), inhibit (eg., strains ANU843 
and E4) or have no effect on rice growth. 
By using a series of plasmid-cured strains of rhizobia, it was found that genes 
associated with plasmids of Rhizobium strains were involved in the inhibition or the 
stimulation of rice seedling growth and at least four replicons were needed to cause the 
inhibition of rice growth. 
High concentrations of auxin, cytokinin and nitrate mimicked the effect of inhibitory 
Rhizobium strains on rice root growth and development by forming short lateral roots. 
Similar observations were made with rice seedlings treated with the sequenced wild-
type strain S. meliloti Sm1021 and its closely related strain Rm2011 when they were 
inoculated onto rice cv. Pelde and cv. Calrose. All pSymA deleted and cured derivatives 
of strain Rm2011 had no effect on rice growth while pSymB deleted derivatives 
partially inhibited rice seedling growth. To examine the effect of genes associated with 
the megaplasmids pSymA and pSymB a series of transconjugant experiments were 
done. By mobilising the megaplasmids pSymA and pSymB into the non-inhibitory 
Rhizobium strains of rice growth, it was found that the inhibition of the rice seedlings 
was associated with the pSymA. Complementation studies with RP4 plasmids 
containing regions of the pSymA plasmid suggested that genes involved in rice growth 
inhibition were located in the 450Kb deleted region of pSymA that is deleted from 
strain SmA146. This region has genes involved in nitrate reduction and IAA 
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biosynthesis. However, Tn5-mutagenesis of the nitrate transport and nitrate reduction 
genes in megaplasmid pSymA of Rm2011 did not abolish rice growth inhibition. 
Use of GC/MS demonstrated that IAA was synthesised by all S. meliloti strains, 
Sm1021 (Rm2011) and pSymA and pSymB deleted and cured derivatives of Rm2011, 
and rice-associated strains R4 and E4. In addition, it was shown that the addition of 
agar, the form of nitrogen in the plant medium, and the light could affect the association 
of Rhizobium with rice seedlings cv. Pelde. 
This thesis will present evidence from these studies suggesting that IAA and nitrate 
are not the cause for rice growth inhibition in cv. Pelde. It is proposed that (a) the 
plasmid-associated inhibition phenomenon in Rhizobium-rice interaction is linked to the 
pattern of root growth and development; (b) a high level of nitrite in the medium may 
be the cause of inhibition due to the formation of NO in the plant medium and rice root 
tissues, and (c) IAA may indirectly be involved in rice-Rhizobium inhibition 
phenomenon. 
Therefore, the association of Rhizobium with rice seedlings i.e., the colonization of 
rice roots by rhizobia and the strain-specific response in the growth of the seedlings are 
controlled by plasmid-associated genes. Such plasmid-associated genes, under 
laboratory conditions affected the growth of the rice seedlings and under field 
conditions may be an important factor in stimulating or inhibiting rice growth and 
subsequently rice yields. 
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CHAPTER I. 
INTRODUCTION 
1.1 General introduction 
The agricultural cereal crops that humans depend on are found mostly in the 
Gramineae family. These include the three major cereal crops grown in the world: 
wheat (Triticum sp.), maize (Zea mays L.) and rice (Oryza sativa L.). 
Rice is the main source of food for about half of the world's population. It is 
cultivated in 111 countries, located mostly in the tropical regions of the world, on a total 
of 150.7 million hectares (Ghosh and Bhat, 1998; James et al., 2000). Over 90% of the 
world's rice is grown and consumed in Asia. The two species mostly cultivated are 
Oryza sativa L. and 0. glaberrima (a type of African rice). 
Rice was chosen as the model species for monocotyledonous plants, especially for 
members of the Gramineae family, because it has a small genome, estimated at 431Mb 
(Yuan et al., 2001). Hence, the selection of rice as a model for sequencing its genome 
because the rice genome is approximately 17% and 2.7 % of the DNA content of the 
other two major agricultural crops, maize (2,504 Mb) and wheat (15, 966 Mb) 
respectively (Yuan et al., 2001). Another reason for the sequencing of the rice genome 
is that rice, as a food crop, provides more kilocalories per hectare than any other cereal 
crop (Ghosh and Bhat, 1998). About 40% of the world population use rice as a major 
source of calories (Ghosh and Bhat, 1998). 
The world population continues to increase annually by 1.3%, with 83% of the 
increase occurring in the developing countries (Khush, 2001). With a possible increase 
in consumption, world food production including rice production will need to increase 
by an estimated 50% to 60% (Khush, 2001; Gilland, 2002). The question is how to feed 
8 billion people by 2025 using less land, less water, less labour and fewer chemicals and 
without extensive environmental degradation (Graham and Vance, 2000; Galloway, 
1998; Manning, 2000; Smil, 2000; Khush, 2001). 
The Green Revolution from the 1960s involved the adoption of technology to 
genetically improve varieties of rice, maize and wheat. Extensive crop breeding 
programs were initiated at the International Rice Research Institute (IRRI) in the 
Philippines and at the International Maize and Wheat Improvement Center (CIMMYT) 
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in Mexico. Furthermore, with the use of nitrogenous fertilisers, irrigation, pesticides and 
associated management skills, many large-scale famines were averted as well as the 
social and economic upheavals in many developing countries (Manning, 2000; Smil, 
2000, Gilland, 2002). However, the benefits of the Green Revolution were not observed 
in all agricultural systems due to the increased practice of using genetically 
homogeneous monocultures and this was evident in land systems where they were 
subjected to increased production demands. This increased demand contributed to the 
depletion of soil nutrients. 
1.2 Soil N and N-fertilisers for rice crops 
In most agricultural systems, the common limiting mobile nutrient that affects crop 
yield in soil is nitrogen (N) (Beckman, 1997; Ali et al., 1998). N is required for both 
protein and nucleic acid formation in plants and it is critical to the sustainability of life 
on earth (Schumann, 1993). 
N is readily lost from agricultural lands when crops are harvested or grazed by 
animals, therefore it must be continually added if subsequent crops are to be grown. N, 
in the form of nitrogenous fertilisers can be added to agricultural soils and this has 
contributed to increased cereal grain yields between 1950 and 1990 by using less land 
(Simek et al., 2000; Graham and Vance, 2000). For the years 1999 and 2000, the global 
fertiliser consumption was 140.3 million tonnes, of which 84.7 million tonnes, was only 
in the form of nitrogen (IF A committee, 2002). N is also the one limiting factor in the 
generation of high yields from modem N-fertiliser-responsive rice varieties (Stoltzfus et 
al., 1997; Dawe, 2000). This makes theN-fertiliser the single most important purchased 
material input in rice production (Dawe, 2000; Ladha and Reddy, 2000). The major 
disadvantage is that 50-70% of applied N is lost when applied to rice as a chemical 
fertiliser (Reddy et al., 1997). Since rice is the only crop grown in flooded soil or in 
irrigated ecosystems, the N-fertiliser added is more prone to different types of losses 
(Ladha and Reddy, 2000). The losses are via denitrification and via volatilisation, or 
through run off and percolation into the water table (Schumann, 1993; Kinzig and 
Socolow, 1994; Vitousek et al., 1997). 
In 1985, non-OECD countries bought and used 120 percent more N-fertilisers than in 
1970 (Saull, 1990). With the increased use of nitrogenous fertilisers, many concerns 
were raised on their impact on the environment and human health (Saull, 1990; Graham 
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and Vance, 2000; Smil, 2000). The major problem to the environment is the change in 
the global N cycle, by the emission of nitrous oxides (a potent greenhouse gas), 
ammonia to the atmosphere and nitrate pollution of natural waters (Schumann, 1993; 
Kinzig and Socolow, 1994; Vitousek et al., 1997, Kirchrnann et al., 2002). The leaching 
of nitrates also contributes to the formation of algal blooms in water systems (Smil, 
2000). The two health problems also connected with high nitrates in drinking water are 
methaemoglobinemia (blue baby disease) and stomach cancer in adults (Smil, 2000; 
Kirchmann et al., 2002). 
The production of N-fertilisers for crops production is very expensive in terms of its 
requirement for non-renewable energy sources (natural gas, coal, petroleum) for its 
production (Stoltzfus et al., 1997). This also contributes to the formation of C02, 
another greenhouse gas (Stoltzfus et al., 1997). Thus there are major environmental 
problems in continuing to make and use N-fertilisers (Graham and Vance, 2000). 
1.2.1 Biological nitrogen fixation 
Without additional nutrient input such as N, rice production cannot reach the higher 
levels of sustainable grain production that are required in order to maintain global food 
security (Yanni et al., 1997). One way to meet the nitrogen demand without degrading 
natural productivity of farmlands is by biological nitrogen fixation (BNF) (Kaser and 
Piihler, 2001). 
BNF is a natural process carried out by different groups of soil bacteria including 
rhizobia, actinomycetes and cyanobacteria. These bacteria synthesise the enzyme 
nitrogenase that is essential for the fixation of atmospheric nitrogen (N2). Some of these 
nitrogen-fixing bacteria live in symbiosis with legumes, lichens, and forest trees (Kaser 
and Piihler, 2001). 
In agricultural settings, 80 percent ofbiologically fixed N2 is estimated to result from 
symbioses involving leguminous plants and the soil species from the bacterial 
Rhizobiaceae family and some actinomycetes (de Bruijn et al., 1995). The advantage of 
fixed N2 from symbiosis as anN source, is that it is less susceptible to volatilisation, 
denitrification and leaching and it can be used directly by the plant (de Bruijn et al., 
1995). Studies by Kinzig and Socolow (1994) and B0ckman (1997) showed that 
legumes, grown worldwide on approximately 250 million hectares, fixed about 90 to 
140 G tonnes ofN2 per year. It is projected that worldwide use ofN-fertiliser by 2070 
would be nearly 2.5 times today's use (Frink et al., 1999). Therefore BNF can 
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contribute to food security and to the environmental sustainability of agricultural 
fanning of cereal crops such as rice in developing countries (Kaser and Piihler, 2001). 
Efforts have been directed to determining if such microorganisms, such as for example 
Rhizobium, can colonise non-legumes and be used for BNF in grasses (Chabot et al., 
1996; Webster et al., 1997; Chantreuil et al., 2000; Dazzo et al., 2000). 
1.3 Plant-microbe interactions 
Although some plant-microbe interactions may cause disease resulting in enormous 
losses in yields (Lugtenberg, 1986; Stacey and Keen, 1996; Baker et al., 1997), other 
plant-microbe interactions have beneficial effects (Lugtenberg, 1986; Stacey and Keen, 
1996). 
The common feature in beneficial and pathogenic plant-microbe interactions is that 
the host plant cells engage in mutualistic and parasitic endosymbioses with a wide 
variety of microorganisms (Pamiske, 2000). It is important to note that symbiosis, in its 
broadest sense, refers to organisms living together, whether the interaction is 
mutualistic, commensal or parasitic (Pamiske, 2000; Rai · et al., 2000). Extensive 
biochemical and genetic communications occur that allows mutualists to confer 
physiological benefits on hosts (Redman et al., 2001). In a mutualistic-plant microbe 
interaction, the invading microorganism, not only has to infect, colonise and form a 
symbiosome, but it has to have the capability to evade or to suppress the plant's defence 
response during its interaction with the plant host (Hirsch and LaRue, 1997). 
1.3.1 Mutualistic plant-microbe interactions 
Mutualistic symbioses are biotrophic (bi-directional) whereby nutrients are 
exchanged between living cells of both partners (Rai et al., 2000). They also play a role 
in the life of plants ensuring their defence against pathogens and pests, adaptation to 
various environmental stresses (Gadkar et al., 2001; Provorov et al., 2002). Among the 
most widespread and ecologically important plant endosymbionts are arbuscular 
mycorrhizal fungi (Zygomycetes) and nitrogen-fixing bacteria, for example Frankia, 
Nostoc and Rhizobium. 
Arbuscular mycorrhizae (AM) are extremely widespread. They associate with the 
roots of terrestrial plants, thus affecting approximately 90% of the Earth's land plant 
species (Pamiske, 2000; Gadkar et al., 2001; Provorov et al., 2002). The symbiosis is 
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obligatory for the AM-fungi and the host uses the AM mainly to facilitate the uptake of 
phosphate (Barker et al., 1998; Garcia-Garrido et al., 2000; Provorov et al, 2002). 
The N2-fixing actinomycete, Frankia, forms actinorhizae with angiosperms of eight 
families (Betulaceae, Casuarinaceae, Myriceae, Elaegnaceae, Rhamnaceae, Rosaceae, 
Coriariaceae, Datisticaceae) and the Gram-negative N2-fixing cyanobacteria, Nostoc, 
has a host range from algae to angiosperms (Gunnera) (Parniske, 2000; Rai et al, 2000; 
Gualtieri and Bisseling, 2000; Schwintzer and Tjepkema, 1990). 
The most studied plant-microbe interaction is the symbiosis between legumes 
(Leguminosae) and nodule bacteria (rhizobia). 
1.4 Interaction of Rhizobium with plants of Leguminosae family 
The Rhizobiaceae family consists of Gram-negative soil bacteria collectively called 
rhizobia and these include Rhizobium, Sinorhizobium, Mesorhizobium, Bradyrhizobium, 
Azorhizobium and Allorhizobium. They can engage in symbiosis with plants of the 
Leguminosae family (Spaink, 2000) by inducing the development of root nodules in 
such plants (Long, 2001). 
The development of root nodules in legumes by Rhizobium involves many complex 
interactions of genes and specific signals from both the host plant and the rhizobia 
triggering subsequent events in the root of a leguminous plant leading to nodulation 
(Schultze and Kondorosi, 1998). It is clear that three events are needed for successful 
nodulation in legumes by rhizobia: entry into and infection of the root tissues, the 
colonisation of a Rhizobium-induced nodule primordium and Rhizobium bacteroid 
differentiation that is essential for symbiotic nitrogen fixation. 
1.4.1 Entry into the legume root tissues 
Rhizobium has three modes of penetration into the root tissues of its legume host; via 
infection of the root hairs, crack entry of the root epidermis and dissolution of the 
middle lamella. 
1.4.1.1 Root hair entry 
The primary target sites for the infection by rhizobia in the rhizosphere are young 
growing root hairs, which are unicellular extensions of root epidermal cells near the root 
apex (van Rhijn and Vanderleyden, 1995; Perret et al., 2000). 
The process of infection starts with Rhizobium bacteria attaching to newly emerging 
root hairs (Smit et al., 1992) (Figure 1.1). Flavonoids, secreted by leguminous roots, 
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specifically trigger the expression of rhizobia} genes (nod, no/, noe). These rhizobia! 
genes are located on the symbiosis plasmid (pSym) (Long et al., 1982; Canter Cremers 
et al., 1986) and they are required for the initiation of nodulation. The key sensor of 
plant flavonoid signals and the activator of the nod loci, is the receptor called NodD 
(Schlaman et al., 1992). 
In response to flavonoids, the rhizobia synthesise and secrete a family of 
lipochitooligosaccharides (LCOs) also called Nod factors (Perret et al, 2000) (Figure 
1.1 ). They are potent primary morphogenetic signals that are active on the host plant at 
concentrations as low as 10-12 M and they are necessary for nodule formation (Fang and 
Hirsch, 1998; Schultze and Kondorosi, 1998; Spaink, 2000; Oldroyd, 2001). The 
modifications to the backbone sugars, the acetyl or carbamoyl residues and modified 
lipids, determine plant host specificity (Figure 1.1) (Philip-Hollingsworth et al, 1989; 
Long, 2001). Within the first 12 to 24 h on a compatible host plant, the presence ofNod 
factors causes early responses in the root hair (Oldroyd, 2001). They include an ion 
flow across the plasma membrane, and an associated depolarisation of the membrane 
(Oldroyd, 2001). This is then followed by periodic oscillations in intracellular calcium 
(calcium spiking) (Stougaard, 2000; Hirsh et al., 2001; Wais et al., 2002ab) and the 
rearrangement of actin microfilaments in plant root hairs (Cardenas et al., 1998). These 
events cause the deformation/swelling of the root hairs (Figure 1.1 and 1.2). The Nod 
factors also induce the formation of the nodule primordium (Downie and Walker, 1999; 
Stougaard, 2000; Dyachok et al., 2000; Oldroyd, 2001, D'Haeze and Holsters, 2002) 
(Figure 1.1 and 1.2). Furthermore, Nod factors elicit the expression of several early 
nodulin (ENOD) genes such as ENOD12 and ENOD40 (Fang and Hirsch, 1998; 
Mathesius et al., 1998ab; Stougaard, 2000). Nodulins are plant-encoded proteins that 
are expressed during nodule development. Interestingly, Nod factors alone do not 
induce root hair curling, the site of bacterial entrapment (Brewin, 1998; Hirsch et al, 
2001). Root hair curling requires the presence of the live rhizobia on the root hair 
surface, as does infection thread growth (Brewin, 1998; Hirsch et al, 2001) (Figure 1.1 
and 1.2). 
Once entrapped, the rhizobia secrete hydrolytic enzymes forming a local lesion in the 
root hair cell wall (Plazinski and Rolfe, 1985; Jimenes-Zurdo et al., 1996; Mateos et al., 
1992; !annetta et al., 1997). The weakened cell wall of the root hair cell then causes the 
cell membrane to invaginate (van Rhijn and Vanderleyden, 1995; Brewin, 1998). 
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The host plant reacts by depositing new cell wall material around the lesion in the 
form of an inwardly growing tube (infection thread) (Figure 1.2). As it grows towards 
the nodule primordium, the tube is filled with proliferating rhizobia surrounded by a 
matrix comprised of a mucopolysaccharide synthesised by the bacteria (Newcomb, 
1981). 
Studies using infection mutants of Sinorhizobium meliloti altered in the biosynthesis 
of exopolysaccharides (Finan et al., 1986; Hynes et al., 1986; Finan, 1988; Becker et al., 
1993; Luyten and Vanderleyden, 2000) demonstrated that nodulation was not impaired, 
but that the nodules were empty due to the formation of abortive infection threads. This 
suggests that EPS is not only involved in the protection of Rhizobium against 
environmental factors, the attachment to surfaces and for osmoregulation, but it may 
also be involved in the suppression of the defence response by the plant host (van 
Workum et al., 1998; Spaink, 2000). Similar observations were also observed using 
lipopolysaccharide (Ips) mutants of R. phaseoli (Noel et al., 1986) and depending 
bacterium/host combination, some property of LPS I was needed for normal infection 
thread development (de Maagd and Lugtenberg, 1989). De Boer and Djordjevic (1995) 
observed that in the cultivar-specific interaction of Rhizobium and subterranean clover, 
a hypersensitive response was not responsible for the inhibition of infections as 
infection threads were initiated, failed to elongate and development of the nodule 
primordia ceased. This suggested that an essential factor or trigger from the bacteria or 
host plant, other than nod factors or exopolysaccharides, may be involved (de Boer and 
Djordjevic, 1995). 
1.4.1.2 Crack entry 
Another mode of entry by rhizobia is through cracks or wounds in the epidermis 
(Beringer et al., 1979; van Rhijn and Vanderleyden, 1995) (Figure 1.3). In the tropical 
forage legume, Stylosanthes spp. (Chandler et al, 1982), and the peanut, Arachis 
hypogaea L. (Chandler, 1978), no infection threads are formed and root nodules occur 
only at the lateral root junctions. Interestingly, rhizobia infect their hosts by crack entry 
at the root junction of the root hair and the epidermal and cortical cells (Chandler, 1978; 
Chandler et al., 1982). Root hairs are located only at emerging lateral roots (Chandler, 
1978; Chandler et al., 1982). Root hair curling was only observed in A. hypogaea L. 
(Chandler, 1978). The rhizobia directly invade the spaces between the epidermal cells, 
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and then they invade the cortical cells through structurally altered cell walls, often close 
to the host cell nucleus. 
Crack entry by A. caulinodans have been observed in Sesbania rostrata (an aquatic 
legume) in stems and at the base of emerging adventitious roots derived from the stems 
(van Rhijn and Vanderleyden, 1995; Hadri et al., 1998; Ndoye et al., 1994) (Figure 1.3). 
This mode of entry was also observed in an aquatic legume, Nepturia natans (L. f.) 
Druce as it does not develop root hairs in its native marsh habitat (Subba-Rao et al., 
1995). The bacteria enter the primary root cortex through natural wounds caused by the 
splitting of the epidermis and the emergence of lateral roots (Subba-Rao et al., 1995) 
(Figure 1.3). 
1.4.1.3 Entry via the middle lamella 
The third mode of entry by rhizobia is at the junctions of undamaged epidermal cells 
of Mimosa scabrella, a tropical tree (van Rhijn and Vanderleyden, 1995; Hadri et al., 
1998; Dakora, 2000). Penetration is via the dissolution of the middle lamella of the 
radial cell walls (de Faria et al., 1988) (Figure 1.3). 
1.4.2 Colonisation of nodule primordium by rhizobia 
In indeterminate-type nodulation such as in peas and vetch, the rhizobia have to pass 
from cell to cell to attain the primordium in the inner cortex (van. Spronsen et al., 2001). 
The infection threads change in structure in the vacuolated outer cortical cells forming 
cytoplasmic bridges (van Spronsen et al., 1994, 2001). Cytoplasmic bridges consist of a 
series of radially orientated, conical cytoplasmic columns (van Spronsen et al., 2001). 
Such structures, which are also induced by Nod factors, are essential for successful 
indeterminate-type nodulation (van Spronsen et al., 2001). In determinate-type 
nodulation such as in soybean, the infection thread reaches quickly the nodule 
primordium in the outer cortex (van Spronsen et al., 2001). 
As the infection thread reaches the nodule primordium, it starts to branch increasing 
the number of sites in which the rhizobia can exist and they enter the nodule cells 
(Luyten and Vanderleyden, 2000) (Figure 1.3). The rhizobia are budded off from 
unwalled regions of the infection thread by the process of endocytosis (Newcomb, 
1981). Within the plant cells of the developing nodule, the peribacteroid membrane 
(PMB) derived from the host plasma membrane surround the bacteria (Luyten and 
Vanderleyden, 2000; Newcomb, 1981). The PMB provides protection against host cell 
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defence reactions and to control nutrient exchange between plant cell and 
microsymbiont (Luyten and Vanderleyden, 2000). 
1.4.2.1 Colonisation of Rhizobium at mature root zones of legumes 
Interestingly, nodules can also be induced in the mature root zone of some legumes 
and they are often associated with the formation of lateral roots (Nutman 1948, 1956; 
Bauer, 1981; Mathesius et al., 2000ab ). The rhizobia are thought to 'hijack' the cortical 
cells next to the lateral emergence sites because some of the early responses required for 
nodule formation have already been activated by the plant in those cells (Mathesius et 
al., 2000ab ). 
In Stylosanthes spp. and Arachis hypogaea L., once rhizobia reach the site of nodule 
initiation in the lateral root cortex, they infect the cortical cells of the emerging lateral 
root (Chandler, 1978; Chandler et al., 1982). The rhizobia multiply rapidly and the 
invaded cortical cells divide repeatedly to form a nodule (Chandler, 1978; Chandler et 
al., 1982) (Figure 1.3). 
1.4.2.2 Other forms of colonisation of nodule primordium by Rhizobium 
In Andira inermis, a woody legume, rhizobia are not released into the host cytoplasm 
to form PMBs (explained below) instead they are retained within long and persistent 
infection threads inside the host cells' cytoplasmic space (Hadri et al., 1998). 
Furthermore, work by de Faria et al. (1986) demonstrated that the colonisation of the 
nodule primordium in some primitive legume trees, mainly in Mimosoideae, occurred 
by the intercellular spread of rhizobia. Once inside the nodule primordium, the rhizobia 
are then confined by host cell wall material in structures resembling infection threads 
(de Faria et al., 1986) (Figure 1.3). 
1.4.3 Successful nitrogen fixing symbiosis: bacteroid differentiation 
The rhizobia differentiate into bacteriods and together with the PMB, are called the 
symbiosomes (Luyten and Vanderleyden, 2000; Day and Copeland, 1991; Stougaard, 
2000). Inside the symbiosome and under low oxygen tension, the nitrogenase enzyme 
catalyses the reduction of nitrogen (Day and Copeland, 1991). The ammonia is exported 
to the plant in exchange for carbon sources, essential for the high-energy requirements 
of nitrogen fixation (Day and Copeland, 1991; Luyten and Vanderleyden, 2000). 
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1.5 Non-legume Parasponia and Rhizobium 
Parasponia are trees found in mountainous areas of Indonesia, Malaysia and Papua 
New Guinea. It is the only no11-leguminous plant genus, which definitely forms nitrogen 
fixing root nodules in symbiosis with slow growing Bradyrhizobium sp. and the broad 
host range Rhizobium strains (Trinick et al., 1980; Bender et al., 1987; 1985; Perret et 
al., 2000). Thus the Rhizobium-Parasponia interaction is the only model for the entry 
and colonisation of root tissues and nodulation of non-legumes. Interestingly, the clover 
specific Rhizobium leguminosarum bv. trifolii strain ANU843 can interact and nodulate 
Parasponia when point mutations were introduced into nodD altering the regulatory 
function and recognition of inducer molecules (Mciver et al., 1989). 
1.5.1 Entry into root tissues 
Rhizobia, upon attachment to the root surface of Parasponia andersonii, erode the 
mucilage layer of the primary cell wall of the epidermal (Bender et al., 1987) and they 
stimulate cell divisions of the root hairs to form multicellular root hairs (Hirsch and 
LaRue, 1997). The rhizobia subsequently gain intercellular entry into the roots of P. 
andersonii by stimulating localised sites of cell division in the outer cortex, forming 
callus-like bumps, which disrupt the epidermis (Bender et al., 1987; van Rhijn and 
Vanderleyden, 1995; Hirsch and LaRue, 1997). This allows rhizobia to infect the 
intercellular spaces provided by emerging cells (crack entry) (Rolfe and Gresshoff, 
1988; Bender et al., 1987) (Figure 1.3). 
1.5.2 Colonisation of the nodule primordium by rhizobia 
The rhizobia proliferate and the intercellular colonies initiate the formation of 
infection threads within the nodule primordium similar to that observed in primitive 
legumes (Bender et al., 1987; de Faria et al., 1986). Similarly to Andira sp., rhizobia are 
not released into the host cytoplasm (Hadri et al., 1998). They are retained within the 
infection threads (Hadri et al., 1998) and eventually they change in nature as the 
rhizobia differentiate into a nitrogen-fixing bacteroid form (van Rhijn and 
V anderleyden, 1995). The nodules induced are modified roots because the site leading 
to nodule formation is the pericycle instead of the cortex and the vascular tissue is 
central instead of peripheral, which is similar to lateral root anatomy and development 
(Hirsch and LaRue, 1997) (Figure 1.3). 
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1.6 Factors affecting Rhizobium-legume interactions 
As mentioned above, specific genes are expressed at various stages of nodulation 
between Rhizobium and its legume host and its only non-legume host, Parasponia. 
Interestingly, other factors from the plant and rhizobia can influence nodulation. In this 
section, the role of phytohormones, acyl-homoserine lactones (AHLs), nitrate and 
nonsymbiotic plasmids will be explored as they may also be involved in the interaction 
of rhizobia with the non-legume, rice. 
1.6.1 Phytohormones 
Three important plant hormones involved in several stages of plant growth, plant root 
development/architecture and in nodule formation are auxins, cytokinins, and ethylene 
(Costacurta and Vanderleyden, 1995; Kende and Zeevaart, 1997; Hirsch et al., 1997; 
Wang et al., 2002). Auxins have been shown to be essential for promoting lateral root 
formation in many species, while cytokinins and ethylene inhibit lateral root 
development (Hirsch, 1992). 
Nodule development also involves changes in root architecture (Hirsch, 1992; 
Stougaard et al., 2000). Evidence suggests these phytohormones are part of a secondary 
signalling pathway in nodule formation (Stougaard et al., 2000). Interestingly, auxins 
and cytokinins can be synthesised by many microorganisms and by Rhizobium in free-
living and symbiotic conditions. 
1.6.1.1 Auxins 
The primary auxin, indole acetic acid (IAA), can be synthesised by up to 80% of 
plant-associated bacteria (Costacurta and Vanderleyden, 1995; Barazani and Friedman, 
1999). There are several pathways by which bacteria synthesise IAA but the main 
precursor for IAA is tryptophan. The bacterial genes involved in IAA synthesis can be 
plasmid or chromosomally located. Many studies have demonstrated that auxins at high 
physiological concentrations (> 1 o-6 M) can inhibit lateral root development (Chadwick 
and Burg, 1967; Kerk et al., 2000; Vuylsteker et al., 1998ab; Zhang and Hasenstein, 
1999; Ridge et al., 1993; Perrine et al., 2001). Studies with IAA-producing mutants of 
Bradyrhizobium strains demonstrated that nodule number in soybeans was significantly 
reduced (Fukuhara et al., 1994). Auxin has also been shown to be involved in plant 
disease development such as in virulent strains of the closely related species to 
Rhizobium, A. tumefaciens (Yamada, 1993). 
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1.6.1.2 Cytokinins 
Cytokinins are N6 -substituted derivatives of adenine and are synthesised in 
meristematic tissue primarily, the roots, and then transported to other regions of the 
plant through the xylem (Ashby, 2000). The ratio of cytokinin to auxin determines the 
direction in of differentiation of cells (Ashby, 2000). Studies in A. tumefaciens showed 
that the bacterial genes for cytokinin synthesis are plasmid borne. Recent evidence 
suggests that cytokinins are able to induce ENOD2, ENOD12A and ENOD40 
expression in alfalfa roots (Bauer et al., 1996; Hirsch et al., 1997; Fang and Hirsch, 
1998) and ENOD40 in white clover roots (Mathesius et al., 2000). This is similar to the 
action of Nod factors on the progenitor cells of the nodule primordium (Mathesius et al., 
2000). 
1.6.1.3 Ethylene 
Ethylene, a gaseous hormone, has many effects on plant development and has been 
shown to act as a secondary signal in the induction of plant defence (Ecker and Davies, 
1987). Ethylene limits the number of nodules that form (Peters and Crist-Estes, 1989) 
by blocking cortical cell division (Heidstra et al., 1997) a function essential for nodule 
formation. Interestingly, ethylene can promote root hair elongation (Tanimoto et al., 
1995) a function involved in the invasion of rhizobia. Nod factors also activate the 
abundant enzyme, 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase in the root 
cortex, converting ACC to ethylene (Heidstra et al., 1997), suggesting the possible role 
of ethylene in regulating the position of the nodule primordium in the root by inhibiting 
cell division (Oldroyd et al., 2001). The addition of ethylene inhibitors, Co2+, 
aminoethoxyvinylglycine (AVG) or Ag+, restores nodulation (Peters and Crist-Estes, 
1989; Fearn and LaRue, 1991). Furthermore, studies by Chadwick and Burg (1967) 
showed that IAA inhibited the growth of pea root sections by inducing the formation of 
ethylene. 
1.6.2 Acyl-homoserine lactones (AHLs) 
Bacteria have the ability to regulate many important changes in gene expression by 
relying on a system of signalling between cells known as quorum sensing (Dunny and 
Winans, 1999; Bauer and Robinson, 2002). The genes involved in quorum sensing were 
found to be crucial to virulence, biofilm formation and colonisation of eukaryotic hosts 
by pathogens or beneficial soil microorganisms (Pierson et al., 1998; Bauer and 
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Robinson, 2002). Several species of Rhizobium have been shown to produce N-acyl-
homoserine lactones, which functions as autoinducers and as quorum sensing co-
transcription factors (Schripsema et al., 1996). Interestingly, some of these AHLs were 
known as small bacteriocins that inhibited the growth of several sensitive strains 
(Schripsema et al., 1996; Wisniewski-Dye and Downie, 2002). Evidence also showed 
that AHLs regulate the transfer of symbiosis plasmids, such as pRL1JI (Dibb et al., 
1984; Gray et al., 1996) and the expression of stationary phase and rhizosphere-
expressed (rhi) genes (Dibb et al., 1984; Gray et al., 1996; Wisniewski-Dye and 
Downie, 2002). Recent studies have also demonstrated that AHLs can control the 
production of symbiotically active EPS II in S. meliloti (Pellock et al., 2002) thus 
regulating nodulation. 
Plants also have the ability to secrete substances that mimic bacterial AHL signals 
and hence affect the population density-dependent behaviours in rhizosphere-associated 
bacteria (Teplinski et al., 2000; Bauer and Robinson, 2002). Moreover, legumes such as 
Medicago truncatula, soybeans, crown vetch and also the non-legume rice were found 
to activate AHL-dependent responses in reporter strains (Teplinski et al., 2000). 
1.6.3 Nitrate 
Successful nodulation occurs under nitrogen-limiting conditions (Stougaard, 2000). 
For some time, the inhibitory effect of nitrate on the development of nodules on 
Rhizobium nodulated legumes (Gibson and Nutman, 1960) was ascribed to the 
inhibition of root hair infection (Thornton, 1936; Munns, 1968). Further studies have 
shown that nitrate is also responsible for decreasing the level of nitrogen fixation by 
nodulated legumes (Gibson and Pagan, 1977) due to a diminished supply of 
photosynthate available to nodules (Gibson and Pagan, 1977), and to nitrite, an inhibitor 
of nitrogenase in bacteroids (Trinchant and Rigaud, 1980). 
Nitrite in vitro can deoxygenate and oxidise leghemoglobin (Trinchant and Rigaud, 
1980). When nitrite is reduced to nitrous acid, it can react spontaneously with primary 
and secondary amines (Streeter, 1982). 
Most Rhizobium strains have the ability to reduce nitrate to nitrite using the enzyme 
nitrate reductase (NR) (Zablotowicz et al., 1978). Studies have shown that nitrate still 
inhibited nodule formation in clover and soybeans inoculated with rhizobia lacking 
nitrate reductase, suggesting the possible role of NR from the root of the legume host 
13 
Chapter 1: Introduction 
(Gibson and Pagan, 1977; Streeter, 1982; Kumar and Burman, 1996). Nitrate reduction 
to N20 or N2 or denitrification is an alternative form of respiration that occurs under 
low anoxic conditions, such as in waterlogged soils (Rigaud et al., 1973; Toffanin et al., 
1996). Through the generation of nitrogen oxides via denitrification, it permits bacterial 
cell growth (Toffanin et al., 1996). Interestingly, bacteriods are capable of 
denitrification and it is thought to serve as a detoxification mechanism for nitrite 
(Casella et al., 1986, 1988; Toffanin et al., 1996). 
Recently, nitrate has been shown to be a possible regulator in root development in 
Arabidopsis depending on its availability and distribution (Zhang et al., 1999). Studies 
showed that A. thaliana roots, when exposed to a locally concentrated supply of nitrate, 
increased the mean rate oflateral elongation 2-fold (Zhang et al., 1999). Furthermore, 
the axr4 auxin-resistant mutant of A. thaliana was insensitive to the stimulatory effect 
of nitrate (Zhang et al., 1999). Evidence suggests an overlap between the signal 
transduction pathways for nitrate and auxin in the root thus regulating lateral root 
development (Zhang et al., 1999; Zhang and Forde, 2000). Interestingly, the same study 
by Zhang and colleagues (1999) demonstrated that a high supply of nitrate to the roots 
of A. thaliana had a systemic inhibitory effect on lateral root development. The high 
nitrate supply specifically acted at the stage when lateral roots had just emerged from 
the primary root apparently delaying the final activation of the lateral meristem (Zhang 
et al., 1999; Zhang and Forde, 2000). 
Work by Caetano-Anolles and Gresshoff(1991) suggested that nitrate was part of the 
autoregulation process i.e. a feedback control of nodule formation. In this case, nitrate is 
involved in increasing the auxin sensitivity of root cortical cells, thus in the presence of 
nitrate, the cortical cells are blocked from sensing Nod-Factor-related auxin decrease 
(Caba et al., 2000). It is thought that the auxin is derived from the shoot and 
translocated to roots causing an auxin burst and increasing auxin sensitivity of the root 
cortical cells (Caba et al., 2000). 
1.6.4 Non-symbiosis plasmids 
A general feature of the genera Rhizobium and Sinorhizobium is the existence of a 
large amount of extrachromosomal DNA, called plasmids (Mercado-Blanco and Toro, 
1996). Plasmid number may vary in number from 1 to 10 and in size (Mercado-Blanco 
and Toro, 1996). The plasmid can reach a maximum of 1. 7 Mb such in S. meliloti 
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megaplasmids. They can constitute up to 45% of the cell genome that (Martinez et al., 
1990). The most characterised is the Symbiosis plasmid (pSym). 
Most rhizobia also have non-pSym, cryptic plasmids that, m some cases, can 
modulate the interaction between symbionts either positively or negatively (Mercado-
Blanco and Toro, 1996). These non-symbiosis plasmid-borne traits include bacteriocin 
synthesis, nodulation efficiency, the utilisation of carbon sources (Baldani et al., 1992) 
and melanin synthesis (Hynes et al., 1988). Other traits help the bacteria to survive 
under different environmental conditions (Baldani and Weaver, 1992; Moenne-Loccoz 
and Weaver, 1996ab ). 
1.7 The model micro-symbiont: Sinorhizobium meliloti 1021 
One of the most studied and most characterized rhizobia is Sinorhizobium meliloti 
(strain 1021), the micro-symbiont of alfalfa (Medicago sativa) (Capela et al., 2001). It 
has been the focus of genome sequencing research both because of the symbiosis and 
because as a a.-proteobacterium, it is closely related to bacterial plant and animal 
pathogens such as Agrobacterium and Brucella. This is an advantage in that the legume 
host of S. meliloti, M. sativa, is a close relative of M truncatula. As many international 
groups, as model organisms, have used M truncatula with S. meliloti the association of 
these two organisms is emerging as a worldwide leading model system for symbiosis 
and nitrogen fixation (Capela et al., 2001). Another advantage is that Mesorhizobium 
loti, a relative of S. meliloti, which is also sequenced, is a micro-symbiont of Lotus 
japonicus, another international model legume plant (Wegel et al., 1998; Capela et al., 
2001). Both model legumes can also form arbuscular mycorrhiza (AM) with 
Zygomycetes (Wegel et al., 1998; Capela et al., 2001). Recent genetic evidence suggests 
root nodule symbiosis and AM share a common pathway, as nodulation mutants in 
some legumes are also unable to form AM (Wegel et al., 1998). Furthermore, many 
strains of S. meliloti are micro-symbionts of several species of Medicago, Melilotus and 
Trigonella (Luyten and Vanderleyden, 2000) some of which are used in cereal-legume 
rotations in Europe and some regions in Australia (Brockwell, 2001; Howieson et al., 
2000). These plant species are part of the Fabaceae family including the important 
legume crop species, Viciae and Phaseolus. 
S. meliloti 1021 is a free-living-living soil bacterium whose genome consists of three 
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large replicons, which have been entirely sequenced (Capela et al., 2001; Barnett et al., 
2001, Galibert et al., 2001). The genome comprises a 3.65 Mb chromosome, and 1.35 
Mb pSymA and 1.68 Mb pSymB megaplasmids (Capela et al., 2001; Barnett et al., 
2001, Galibert et al., 2001). The pSymA megaplasmid encodes genes, for example, 
required for the formation of nitrogen-fixing nodules, while pSymB encodes genes 
involved in EPS synthesis and lactose metabolism (Finan et al., 2001). Many studies 
have been done on S. meliloti 1021 investigating the functions of various genes and 
their involvement in nodulation and nitrogen fixation (Meade and Signer, 1977; Long et 
al., 1982; Meade et al., 1982; Zimmerman et al., 1983; Julliot et al., 1984; Batut et al., 
1985; Murphy et al., 1987; Renalier et al., 1987; Becker et al., 1993; Finan et al., 1986, 
1988; Oresnik et al., 2000). This extensive genetic, biochemical, metabolic and genomic 
knowledge provides a solid foundation for the investigation of the association of 
rhizobia with the model non-legume, rice. 
1.8 Rhizobium and non-legumes 
Since Helriegel and Wilfarth's findings in 1888, many agriculturists and researchers 
have wondered about the potential benefits of transferring biological nitrogen fixation 
(BNF) to cereals because they have high N-fertilisation requirements for optimal yield 
(Gutierrez-Zamora and Martinez-Romero, 2001). 
Before the 1980s, studies concentrated on diazotrophic bacteria that occurred as free-
living cells in the rhizosphere because these associative organisms stimulated plant 
growth. However, this growth stimulation was due to other non-BNF bacterial products 
that had beneficial effects on the plant (Phillips, 1999; James, 2000; Dobbelaere et al., 
2001). The associative bacteria released very little of its fixed nitrogen because they 
utilised it for their own growth (Webster et al., 1997). 
Now, endophytic diazotrophs are of great interest (Dobereiner et al., 1995; Reis et 
al., 1999; 2000) because they are capable of reducing N2 and they can colonise the root 
apoplast of non-legumes; the intercellular spaces and/or the xylem vessels (James, 
2000). They have been found in rice, maize, wheat, sugarcane and kallar grass such as 
Azospirillum (Kennedy et al., 1997; Broek et al., 1998), Herbaspirillum (Triplett, 1996; 
Gyaneshwar et al., 2002), Azoarcus (Reinhold-Hurek et al., 1993; Reinhold-Hurek and 
Hurek, 1997), Klebsiella (Barraquio et al., 1997) and Acetobacter (Boddey et al., 1995; 
Bellone et al., 1997). By colonizing the interior of roots, the endophytic diazotrophs are 
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protected from competition with other rhizosphere microorganisms and they have the 
possibility of more intimate metabolic exchange with host plants (Webster et al., 1997). 
Although still controversial, there is little evidence that endophytic diazotrophs have the 
ability to transfer the products ofN2 fixation to their host plants (James, 2000). 
The advantage of Rhizobium as an endophytic diazotroph is its ability to nodulate the 
non-legume Parasponia and in traditional agricultural enterprises it can form BNF 
symbioses with many cultivated grain and forage legumes such as P. sativa (peas) and 
V.faba and Phaesolus vulgaris (beans) (Phillips, 1999). 
1.9 Rice and Rhizobium 
There is a remarkable diversity ofN2-fixing bacteria that associate with field grown 
rice (James et al., 2000), but in 1997, studies by Yanni and colleagues isolated R. 
leguminosarum bv. trifolii strains (clover nodulating rhizobia), which were natural 
endophytes of rice in the Nile Delta in Egypt. 
Rice production in this region significantly benefited by rotation of a berseem clover 
(Trifolium alexandrinum L.) crop in a rice-legume cropping system practiced for more 
than 700 years, which sustained the populations of the R. leguminosarum bv. trifolii at a 
high inoculum potential for the next season (Yanni et al., 1997). It was demonstrated 
that rice-legume cropping system significantly increased rice grain yield (Yanni et al., 
1997; Dazzo et al., 2000). Agronomic studies indicated that the clover rotation replaced 
25-33% of the recommended rate ofN-fertiliser application for optimal rice production 
(Yanni et al., 1997; Dazzo et al., 2000). Furthermore, agronomic N balance studies 
showed that the increased availability of fixed N through the mineralization of the N-
rich clover crop residues was not the only factor benefiting rice yield (Yanni et al, 1997; 
Dazzo et al., 2000). In growth chamber and field experiments, certain endophytic 
strains of R. leguminosarum bv. trifolii significantly increased shoot and root growth in 
rice (Yanni et al., 1997). They also promoted rice seedling vigour (Biswas et al., 2000) 
thus demonstrating the potential of rhizobia! endophytes in promoting rice growth and 
productivity (Yanni et al., 1997). 
Interestingly, new findings have shown that Rhizobium can naturally colonise rice 
such as the photosynthetic Bradyrhizobium in African wild rice 0. breviligulata, the 
ancestor of the cultivated African rice 0. glaberrima (Chantreuil et al., 2000) and 
Azorhizobium in modern rice cultivars (Engalhard et al., 2000). New rice endophytic 
17 
~hapter 1: Introduction 
strains of rhizobia were also identified usmg 16S-23S ribosomal DNA intergenic 
spacer-targeted PCR (Tan et al., 2001 ). Also R. etli was shown to naturally association 
with maize, as maize was traditionally grown with beans (P. vulgaris) for thousands of 
years (Gutierrez-Zamora and Martinez-Romero, 2001). Recently, Rhizobium was found 
to colonise roots of wheat (Biederbeck et al., 2000), and the roots of barley and canola 
(Lupwayi et al., 2000) when grown as legume-cereal rotation crops (Gutierrez-Zamora 
and Martinez-Romero, 2001). 
The process of infection and colonisation of rhizobia into the root tissue are 
important steps for effective N-fixing symbiosis between Rhizobium and legumes, and 
with the non-legume Parasponia. Thus, the presence of naturally endophytic rhizobia in 
crop plants, such as rice, may provide the answer to increased productivity in crops by 
endophyte production of fixed nitrogen or by enhancing the plant's ability to acquire 
soil nutrients (McCully, 2001). Various studies have looked at the extent of colonisation 
by rhizobia under laboratory conditions and their effects on rice seedling growth under 
different environment conditions (Plazinski et al., 1985; Rolfe et al., 1997; Reddy et al., 
1997;Yanni et al., 1997; Webster et al, 1997; Yanni et al., 2001; Prayitno et al., 1999, 
Chantreuil et al., 2000; Dazzo et al., 2000; Perrine et al., 2001 ). Similar work was done 
on maize (Chabot et al., 1996), on lettuce and canola (Noel et al., 1996), on the wheat 
(Webster et al., 1997, 1998; Schlolet et al., 1997) and another model non-legume, 
Arabidopsis thaliana (Gough et al, 1996; 1997ab). 
1.9.1 Infection of rice root tissues 
The use of the Green Fluorescent Protein (GFP)-labelled rhizobia demonstrated that 
Rhizobium preferentially colonised rice seedlings surfaces by forming clumps along the 
grooves on the rice root surface, or at the zone of emerging lateral roots and at the root 
tips (Prayitno et al., 1999; Dazzo et al., 2000). This was also observed using the lacZ 
reporter gene (Reddy et al., 1997; Chaintreuil et al., 2001). It seemed that the bacteria 
attach in a supine and polar orientation to the root zone (Yanni et al., 2001 ). Studies by 
Prayitno et al. (1999) and Reddy et al. (1997) showed that rhizobia attached also in a 
similar way to rice root hairs and rice root surfaces. 
The primary mode of rhizobia! invasion of rice roots is through the cracks in the 
epidermis and the fissures created during the emergence of the lateral roots (Reddy et 
al., 1997, Yanni et al., 1997; Webster et al., 1997; Prayitno et al., 1999). This mode of 
entry is similar to the rhizobia! crack entry in Stylosanthes sp., A. hypogeae (Chandler, 
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1978; Chandler et al., 1982) and S. rostrata (van Rhijn and Vanderleyden 1995; Hadri 
et al., 1998). Crack entry by rhizobia can be stimulated by the addition of the flavonoid 
naringenin in rice (Webster et al., 1997) and naringenin and daidzein in Arabidopsis 
thaliana (Gough et al., 1996,1997ab). 
Recent studies also showed that certain R. leguminosarum bv. trifolii strains had the 
ability to produce enzymes that hydrolyse glycosidic bonds in plant cell walls (Yanni et 
al, 2001). One of the Rhizobium strains had the ability to form eroded pits on the 
epidermis of Sakha 102 rice roots when grown through a submerged layer of sand above 
the agar in cylinder jars (Yanni et al., 2001). 
There is no evidence for the formation of infection threads (Reddy et al., 1997; 
Yanni et al., 1997). The infection process of rice is nod-gene-independent and non-
specific as various Rhizobium Nod- derivatives could still attach to rice root epidermal 
cells and invade and colonise within the rice roots (Reddy et al., 1997; Perrine et al., 
2001). In addition, rice root exudates did not activate the expression of nodulation genes 
in various rhizobia (Reddy et al., 1997). Further studies in our laboratory also 
demonstrated the lack of induction of nod genes in Rhizobium by rice (personal 
communication, J. Stefaniak). However, using transgenic rice containing MtENOD12, 
in the presence of auxin, and GmENOD40(2) promoters fused to GUS (f3-
glucuronidase ), it was shown that Nod factors activated their expressions in a tissue-
specific manner in rice roots (Reddy et al., 2000). These findings demonstrated that the 
signal transduction machinery essential for legume ENOD gene expression is partially 
conserved in rice (Reddy et al., 1999; Reddy et al., 2000). 
Furthermore work by Reddy and colleagues (1997) showed that viable rhizobia and 
Nod factors root did not elicit hair deformation in rice. In contrast, under certain 
circumstances, root hair curling (HAC) can occur in rice with rhizobia by using an IncQ 
multicopy vector (pKT230) containing the HAC genes (Plazinski et al., 1985) but this 
phenomenon was infrequent. 
1.9.2 Colonisation of intercellular spaces of rice root cortex 
From the clumps of rhizobia at the rice root surface and at the emerging lateral roots, 
the bacteria start to colonise the intercellular spaces in the cortex (Reddy et al., 1997, 
Dazzo et al., 2000; Prayitno et al., 1999; Yanni et al., 2001; Chaintreuil et al., 2000). 
They also invade the host cells undergoing lysis (Reddy et al., 1997). 
Work by Prayitno and colleagues (1999, Rolfe et al., 2000) demonstrated that certain 
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strains of rhizobia had the ability to colonise intercellular spaces of rice roots at a higher 
frequency. One of the strains called R. leguminosarum bv. trifolii R4 was able to 
multiply and migrate by forming intercellular long lines (ILLs) consisting of individual 
bacterial cells growing end on end inside the growing lateral roots. Intercellular long 
lines of rhizobia occurred when rice plants were grown in liquid Fahraeus medium 
supplemented with 10 mM KN03 in the McCartney and the Magenta jar systems 
(Prayitno et al., 1999). The invasion of the intercellular spaces of the rice cortex is 
similar to the initial entry and colonisation by rhizobia of the intercellular spaces in the 
cortex of Stylosanthes sp., A. hypogeae and S. rostrata (Chandler, 1978; Chandler et al., 
1982; van Rhijn and Vanderleyden 1995; Hadri et al., 1998). 
Studies using A. thaliana demonstrated that A. caulidonans ORS571 had the ability 
to colonise the xylem (Stone et al., 2001), but work by Schloter et al. (1997) in maize 
found that the infected plant cells of the central cylinder i.e. cells of the xylem were 
mostly lysed. Rhizobia are thought to have the ability to infect rice root cells but seem 
to disrupt the cytoplasmic membrane (Reddy et al., 1997) evoking a localized plant 
defence response (Reddy et al, 2000). This supports the idea that the xylem lumen 
apoplast may be an unsuitable niche for endophytes due to the possible stresses it may 
induce on the plant in the field (McCully, 2001). 
This pattern of colonisation by rhizobia on rice plants has also been observed in 
plants treated with 2, 4-dichlorophenoxyacetic acid (2,4-D), a synthetic auxin. Added 2, 
4-D induced the formation of 'pseudonodules' or modified root outgrowths (Ridge et 
al., 1993; Rolfe et al., 1997). These types of root structures can also be induced by 
auxin-producing rhizobia (Reddy et al., 2000). By using the A. caulidonans 
ORS571 ::GUS marked strain, intercellular association was observed and occasionally 
some intracellular occupancy was found in apparently dying epidermal cells (Rolfe et 
al., 1997). The above mentioned studies indicate that the most suitable niche for 
endophytes is the intercellular space apoplast (McCully, 2001) and work by Prayitno et 
al (1999) showed clear evidence of the movement of GFP-labelled rhizobia in the 
intercellular spaces of rice lateral roots. 
To date there is no evidence of membrane-enclosed endosymbiotic rhizobia in 
symbiosomes of intact host cells of rice roots or other non-legumes except in 
Parasponia. 
20 
1.10 Aim ofthis thesis 
Under specific rice growth conditions and using certain growth assay techniques 
(Prayitno et al., 1999), it was found that specific rice associating rhizobia colonised the 
intercellular spaces of rice root cortex at a higher frequency than other strains. 
Successful endophytic strains formed intercellular long lines in the growing lateral roots 
of rice. However, such strains promoted, inhibited or had no influence on rice plant 
growth. This suggested that some rhizobia possessed important genes that enhance their 
ability to intimately colonise niches on and within rice tissues and promote rice seedling 
growth (Prayitno et al., 1999). 
The aim of the thesis was to investigate this intimate association between Rhizobium 
bacteria and the roots of the non-legume rice. The growth responses and the molecular 
genetic basis of Rhizobium-rice associations were examined by: 
1) Generating a developmental map of rice root growth and examining the effect of 
characterized R. leguminosarum strains and their plasmid cured derivatives on 
young rice (0. sativa L. cv Pelde) seedlings (Chapter 3); 
2) Investigating by the use of exogenous compounds such as auxins, cytokinins and 
nitrate/nitrite to mimic the mechanism by which rhizobia affect rice plant growth 
(Chapter 3); 
3) Using the characterized and sequenced Sinorhizobium meliloti 1021 (2011) and its 
plasmid-cured and plasmid deletion mutants to identify the Rhizobium genes 
affecting the growth responses of young rice seedlings (Chapter 4) 
4) Using the cosmid library of S. meliloti 1021 and R. leguminosarum bv. trifolii strain 
TAl, the BAC library of S. meliloti 1021 and R-primes (Chapter 5) to isolate the 
genes involved in Rhizobium-rice interaction 
5) Using of plasmid insertion mutagenesis to investigate the role of nitrate (Chapter 6) 
6) Assaying the biosynthesis ofiAA by different strains of rhizobia (Chapter 7) 
7) Finally, evaluating the overall consequences of these rhizobia-rice associations 
under laboratory conditions and their implications for future development of 
naturally occurring rhizobia-rice associations in agriculture and its potential benefits 
(Chapter 8). 
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Positions R 1·R 6 on the Nod factor backbone are modifications produced by different strains of Rhizobium. 
(modified from Djordjevic and Weinman, 1991) 
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Figure 1.2 Schematic representation of the stages involved in root hair infection and nodule development of some legumes by rhizobia. 
(A) The release of flavonoids from legume root (I); (B)The attachment of rhizobia to the surface of legume root and young developing 
root hairs; (C) Root hair curling induced by Nod factors; (D)The degradation of root hair cell wall and the induction of cortical cell division 
by Nod factors; (E) Initiation and growth of the infection thread towards the nodule primodium; (F) Invasion of the nodule primordium 
and endocytosis of rhizobia and; (G) Differentiation of rhizobia into bacteriods capable of fixing nitrogen. 
I c ~Rh I~ VB 
A. Pea determinate, root hair infection thread 
I· FDRh 
B. Clover interdeterminate, root hair infection thread 
I~ 
I ~lA .  
I ~NM 
C. Peanut determinate, crack entry at lateral rootjunction, no infection thread, 
intercellular spread 
I I I tF I ~ fLR Rh I . . 
D. Sesbania determinate, crack entry at base of emerging adventitious roots, 
infection threads 
11 I ~ 
E. Andira inermis indeterminate, crack entry through epidermis, infection threads, fixation threads 
11 I 
F. Mimosa scabrella indeterminate, dissolution of middle lamella, intercellular spread, 
fixation threads 
I ~Rh ~1 =ef~:; ;;j) 
G. Parasponia sp. intercellular penetration at base of multicellular root hairs. infection threads, 
fixation threads. meristematic modified root 
Figure 1.3 Schematic representation of different nodulation ontogenies: VB vascular bundles; Rh Rhizobium or 
Bradyrhizobium inoculant; LR lateral root; C cortex, • nodule primordium, NM nodule meristem, lA infected 
area and region of nitrogen fixation. 
(modified from Rolfe and Gresshoff, 1988) 

CHAPTER2 
GENERAL MATERIALS AND METHODS 
2.1 Chemicals and reagents 
Table 2.1 Special chemicals and reagents used in the experiments were obtained from 
the following sources 
Chemical Reagent Source 
Agar Difco Laboratories, Detroit MI, USA 
Agarose (DNA grade) Progen Industries Limited, Daroo, QLD 
1-aminocyclopropane-1-carboxylic acid Sigma, St Louis, MO, USA 
Aminoethoxylglycine (A VG) Sigma, StLouis, MO, USA 
Ammonium chloride Ajax Chemicals Australia PTY Ltd, 
Kilsyth, VIC 
Ammonium nitrate Ajax · Chemicals Australia PTY Ltd, 
Kilsyth, VIC 
Ammonium sulfate BDH Chemicals Australia PTY Ltd, 
Kilsyth, VIC 
Antibiotics Sigma, StLouis, MO, USA 
6-Benzylaminopurine ( 6-BAP) Sigma, St Louis, MO, USA 
Bromophenol blue Bio-Rad, Richmond, CA, USA 
Boric Acid Merck PTY Ltd, Kilsyth, VIC 
Chloroform Fronine PTY Ltd, Riverstone, NSW 
Dichloromethane Ajax Chemicals, Auburn, NSW 
Ethylenediaminetetra-acetic acid di-sodium Ajax Chemicals, Auburn, NSW 
(EDTA) 
Ethanol Merck PTY Ltd, Kilsyth, VIC 
Ethidium bromide Amresco, Solon, OHIO, USA 
Ethylchloroformate Merck Schuchardt, Germany 
L-Glutamic acid Sigma, StLouis, MO, USA 
Hydrochloric acid (HCl 36%) Ajax Chemicals, Auburn, NSW 
Indole acetic acid (IAA) Sigma, StLouis, MO, USA 
Indole 2,4,5,6,7-d)-3-acetic acid (98% atom Merck Frosst Canada Inc., Montreal, 
D) Canada 
Lysozyme Amresco, Solon, OHIO, USA 
Mannitol APS Chemicals Ltd, Seven Hills, NSW 
Methanol Merck PTY Ltd, Kilsyth, VIC 
a.-naphthaleneacetic acid Sigma, StLouis, MO, USA 
N-(1-naphthyl) ethylenediamine Sigma, St Louis, MO, USA 
Perchloric acid (70%) Fluka Chemie Buchs, Switzerland 
2,2,3,3,3 -Pentafluoro-1-propanol (97%) Aldrich Chemical Company Inc., 
Milwaukee, USA 
Potassium nitrate BDH laboratories Supplies, Poole, England 
Pyridine BDH Laboratories Supplies, Poole, 
England 
RNAseA Sigma, St Louis, MO, USA 
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Table 2.1 continued 
Chemical Reagent Source 
Sarkosyl ( n-lauroyl sarcosine) Sigma, St Louis, MO, USA 
Sodium dodecyl sulfate (SDS) Genomic Solutions, Ann Harbor, USA 
Sodium chloride Merck PTY Ltd, Kilsyth, VIC 
Sodium hypochlorite solution (12.5%) Fronine PTY Ltd, Riverstone, NSW 
Sodium nitrate Ajax Chemical, Sydney, NSW 
Sodium nitrite APS Finechem, Seven Hills, NSW 
Spectra!Por® membrane tubing Spectrum Medical Industries, Inc. Los 
Angeles CA, USA 
Sucrose Merck PTY Ltd, Kilsyth, VIC 
Sulfanilamide Sigma, St Louis, MO, USA 
Hydroymethyl aminomethane (Tris base) Merck Pty Ltd, Kilsyth, VIC 
Tryptone Difco Bacto Laboratories PTY Ltd, 
Liverpool, NSW 
L-Tryptophan Sigma, St Louis, MO, USA 
1:>N2 L-Tryptophan (96-99 %) Cambridge Isotope Laboratories, Andover, 
Yeast extract 
Zinc powder 
2.2 Bacterial materials 
2.2.1 Bacteriological Media 
MA, USA 
Difco Bacto laboratories Pty Ltd Liverpool 
NSW 
BioMerieux sa Marcy d'Etoile France 
All bacteriological media were adjusted to the correct pH with 1M NaOH or 1M HCI. 
Solid bacteriological media contained 15 g. L-1 agar (all amounts per Litre). 
Bergensen's Modified Medium (BMM, Rolfe et al., 1980) 
NazP04.12HzO 360 mg 
~~ 3~ 
MgS04. 7Hz0 80 mg 
CaC}z.2HzO 40 mg 
Mannitol 10 mg 
Monosodium glutamate 0.5 mg 
Yeast extract 0.5 mg 
CoC1.6H20 0.25 mg 
CuS04.5H20 0.25 mg 
H3B03 3 rng 
MnS04.4H20 10 rng 
NazMo04.2HzO 0.25 mg 
ZnS04. 7Hz0 3 mg 
Biotin 0.2 mg 
Thiamine 2 mg 
pH adjusted to 6.8 
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Gamborg's Trace Element Solution 
(Gamborg and Eveleigh, 1968) 
MnS04AH20 10 g 
H3B03 3g 
ZnS04.7H20 3g 
Na2Mo04.H20 250mg 
CuS04.5H20 250mg 
CoCh.6H20 250mg 
HP Medium (H~nes et al., 1985) 
Bacto Peptone 4g 
Yeast Extract 0.5 g 
Tryptone 0.5 g 
CaCh.2H20 0.2 g 
Mg2S04. 7H20 0.2 g 
Luria Broth (LB, Miller, 1972) 
Bacto-tryptone 10 g 
Yeast extract 5g 
NaCl 5 g. 
TA Medium (Orosz et al., 1973) 
Tryptone 10 g 
Yeast extract 1 g 
NaCl 5g 
CaCh 14.702 mg 
MgCh 203.30 mg 
TMR (Minimal) Medium (Sargent, 1989) 
TMR salts 50mL 
FeCh(0.3%) 1 mL 
Sucrose 10 g 
CaCh.2H20 (25%) 0.2mL 
MgS04. 7H20 (20%) 2mL 
TM vitamins 2.5mL 
Gamborgs trace elements 1 mL 
pH 7.0 
TMR Salts (20X) 
K2HP04 20.8 g 
KH2P04 8.8 g 
NaCl 2.0 g 
(NH4)2S04 10 g 
TM Vitamins 
Thiamine H Cl 0.4 g 
Biotin 0.2 g 
Nicotinic acid 0.4 g 
Pyridoxin-H Cl 0.4 g 
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Tryptone Yeast Medium (TY, Beringer, 1974) 
Tryptone 5 g 
Yeast extract 3 g 
CaCb 0.9 g 
pH 7.2 
Defined Bill Medium (Dazzo, 1982) 
CaCb.2H20 
K2HP04 
MgS04.7H20 
Mannitol 
Monosodium glutamate 
NTA (nitrilotriacetate) 
CoCl.6H20 
CuS04.SH20 
FeS04.7H20 
H3B03 
MnCbAH20 
Na2Mo04.2H20 
ZnS04.7H20 
Biotin 
Calcium pantothenate 
Inositol 
P-amino benzoic acid 
Pyridoxin-H Cl 
Nicotinic acid 
Riboflavin 
Thiamine 
NaP04 (pH 7.0) 
pH adjusted to 6.9 
2.3 Plant materials 
2.3.1 Plant media 
(all amounts per Litre) 
7mg 
230mg 
lOOmg 
10 g 
1.1g 
7mg 
59 !lg 
5 !lg 
125 !lg 
145 !lg 
43 !lg 
174 !lg 
180 !lg 
20 !lg 
20 !lg 
120 !lg 
20 !lg 
20 !lg 
20 !lg 
20 !lg 
20 !lg 
0.05mM 
All plant media were adjusted to the correct pH with 1M NaOH or 1M HCI. 
Fahraeus' Medium (modified) (NFM, Vincent, 1970) 
CaCh.2H20 1 00 mg 
MgS04.7H20 120 mg 
KH2P04 1 00 mg 
N a2HP04.12H20 150 mg 
Ferric citrate 1.5 mg 
Gibson's trace element 1 mL 
pH adjusted to 6.5 
For rice growth, NFM was modified to a pH of 6.85. 
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Gibson's Trace Element Solution (Gibson, 1963) 
MnS04AH20 2.03 g 
H3B03 2.86 g 
ZnS04. 7H20 220 mg 
H2Mo04.H20 90 mg 
CuS04.5H20 80 mg 
Jensen's Medium (Jensen, 1942) 
CaHP04 
K2HP04 
MgS04.?H20 
NaCl 
FeCh 
H3B03 
MnS04AH20 
ZnS04.?H20 
CuS04.5H20 
H2Mo04.H20 
Agar 
pH adjusted to 6.5 
Hoaglands Medium (Vincent, 1970) 
NH4H2P04 
KN03 
Ca(N03)2 
MgS04 
Ferric Tartrate.2H20 
H3B03 
CuS04.5H20 
MnCbAH20 
ZnS04.?H20 
Mo03 
pH adjusted to 6.85 
2.3.2 Plant species 
Table 2.2 Plants used in this study 
Plant 
Trifolium alexandrum L. (Berseem clover) 
Trifolium repens cv. Haifa (White clover) 
Vicia sativa L. (Vetch) 
Medicago truncatula 
Oryza sativa cv. Pelde 
Oryza sativa cv. Calrose 
1 g 
0.2 g 
0.2 g 
0.2 g 
0.1 g 
2.86 mg 
2.03 mg 
220mg 
80mg 
90mg 
10 g 
115mg 
606.6 mg 
656.4 mg 
240.8 mg 
5.32 mg 
2.86 g 
80mg 
1.81 g 
220mg 
16mg 
Source 
Clean Seeds, 
JH Williams Seed Merchants, 
Murwillumbah, NSW, Australia 
Dr. van Brussel, Botanical Laboratory, 
Lei den 
Prof. Doug Cook, UC Davis, USA 
Dr. L. Lewin, NSW Department of 
Agriculture, NSW, Australia 
Dr. L. Lewin, NSW Department of 
Agriculture, NSW, Australia 
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2.4 Bacterial methods 
2.4.1 Strain storage conditions 
For short-term storage, strains were stored on BMM or LB plates at 4°C. For long-term 
storage, rhizobia and E.coli were stored in storage medium containing 25% (v/v) 
glycerol, 2.5% (w/v) sucrose and 20 mM Tris at -20°C and -80°C. Routine sub-culturing 
of rhizobia was done on BMM plates at 28°C. Antibiotics were incorporated into plates 
whenever rhizobia and E.coli strains carried a marker. All antibiotics (Table 2.3) were 
prepared by dissolving the required amount in water (except for Tetracycline, 50% (v/v) 
ethanol; Chloramphenicol, 100% (v/v) ethanol; Rifampicin, 50% (v/v) methanol). The 
solution was filter sterilised using 0.2 )liD pore size membrane filters (Millipore, U.S.A) 
and stored at -20°C. 
Table 2.3 The following concentration of antibiotics were used in solid and liquid 
media 
Antibiotic 
Ampicillin 
Chloramphenicol 
Gentamicin 
Kanamycin 
Neomycin 
Rifampicin 
Spectinomycin 
Streptomycin 
Tetracycline 
Stock solution 
25 mg.mL-
34mg.mL-1 
IOOmg.mL-1 
lOOmg.mL-1 
100mg.mL-1 
20mg.mL-1 
lOOmg.mL-1 
lOOmg.mL-1 
100mg.mL-1 
2.5 Plant growth methods 
Final concentration 
in solid media 
50 )lg.mL-1 
12.5 )lg.mL-1 
10 )lg.mL-1 
50 )lg.mL-1 
100 llg.mL-1 
50 )lg.mL-1 
100 )lg.mL-1 
100 )lg.mL-1 
4-15 )lg.mL-1 
2.5.1 Plant seed sterilisation and germination 
Final concentration 
in liquid media 
25 )lg.mL-1 
6 )lg.mL-1 
5 )lg.mL-1 
25 )lg.mL-1 
50 )lg.mL-1 
25 )lg.mL-1 
50 )lg.mL-1 
50 )lg.mL-1 
2-4 )lg.mL-1 
Seeds ofberseem clover (Trifolium alexandrum L.), white clover (Trifolium repens cv. 
Haifa), and vetch (Vicia sativa L.) were first soaked in 100% ethanol for 2 min then 
rinsed in sterile water. Then the seeds were surfaced sterilised in 25% hypochlorite for 
15min. After being washed three times with sterile water, the seeds were germinated on 
BMM agar plates. Berseem clover seeds were directly incubated at 29°C for 4 days. 
White clover and vetch seeds were incubated overnight at 4°C to increase rate of 
germination, then incubated at 29°C for two days. The plates were positioned vertically 
to allow the roots to grow down. 
In the case of Medicago truncatula L., the seedpods were broken on a rubber board 
and seeds were collected and scarified gently on fine sandpaper. The seeds were firstly 
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soaked in 100% ethanol for 2 min then rinsed in sterile water and surface sterilised in 
6.25 % (v/v) sodium hypochlorite for 5 min and then rinsed 7 times with sterile water. 
Under aseptic techniques, 50-100 seeds were spread on nitrogen free Fahraeus agar plates 
and 1 mL of sterile water was pipetted over the seeds and the plates sealed with 
Nescofilm™ (Bando Chemical Ind. Ltd., Kobe, Japan) to keep seeds moist. The plates 
were then wrapped in foil and refrigerated at 4 °C for 2 d, agar side down. After 2 d the 
plates were transferred to a 29°C incubator. 
The germinated seeds were then transferred to nitrogen free Fahraeus agar plates; five 
clover seedlings per plate, five M truncatula L. seedlings per plate, or four vetch 
seedlings per plate. Petri dishes used were 9 em in diameter except for those used for 
growing vetch, which were 15 em in diameter. 
Rice seeds of cultivar Pelde and Calrose were de-husked on a rubber board and they 
were surface-sterilised by soaking in 100% ethanol for 5 min, and then the seeds washed 
twice in sterile water. Then the seeds were soaked in 25% (v/v) sodium hypochlorite 
(12.5 %) for 30 min, followed by washing 5 times with sterile water. 20-25 individual 
seeds were transferred to BMM plates. Melted 0.8% (w/v) soft agar was pipetted on the 
seeds to prevent them from desiccation. The seeds were then incubated in the dark at 29°C 
for 3d. 
2.5.2 Nodulation test and plant growth conditions 
The ability of Rhizobium strains to form nodules was tested on several legume hosts: 
berseem clover (T. alexandrum L.), white clover (T. repens cv. Haifa), vetch (V. sativa 
L.) and M truncatula L. The roots were inoculated with 5 )lL of bacterial suspension 
(OD6o0nm= 0.1) from overnight BMM liquid culture at 29°C. Negative control plants were 
inoculated with 5 )lL of sterile water or BMM liquid medium. A piece of folded 
aluminium foil was put at the edge of Petri dishes to allow for better gas exchange and to 
prevent ethylene build-up. To reduce dehydration of agar medium, the bottom of Petri 
dishes was sealed with Nescofilm™. The plates were covered with a piece of brown 
paper to reduce the light intensity on the leguminous roots. 
The plates containing white clover and M truncatula L. seedlings were grown 
vertically in a growth cabinet set at 22°C (16h day) and 18°C (8 h night) and photon flux 
density of 140 ).!IDOl m-2s-1• The plates containing berseem clover and vetch seedlings 
were incubated vertically in growth cabinets, which were set for rice and clover 
conditions, respectively. 
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The plants were grown for 3-4 weeks before nodules were counted. 
2.5.3 Rice plant assay and rice plant growth conditions 
Three-days-old rice seedlings, with root lengths ranging from 2.0 to 4.0 em, were 
inoculated for 90 min in a 20mL bacterial suspension. The bacterial suspensions were 
made by suspending three-day-old colonies from BMM plates into sterile water and 
adjusting to an OD6oonm of about 0.1. This gave a bacterial cell count of about 107 -108 
cells mL-1• The bacterial suspensions were then diluted 1:20 in sterile water. This dilution 
was used to inoculate rice seedlings. Control plants were inoculated with sterile water for 
90 min. The seedlings were then removed and transferred aseptically to Magenta jars 
containing 250 mL of appropriate growth medium, 3 or 6 seedlings per treatment per jar 
(Figure 2.1 ). Growth medium used was NFM liquid medium (Vincent, 1970) 
supplemented with 1 OmM KN03 (referred as Fl 0 medium). These conditions were used 
to mimic a rice paddy field supplemented with nitrate-based fertiliser. Characterised 
strains of rhizobia (relate to Chapters 3, 4 and 5) were chosen as inoculants to investigate 
the various factors (Chapter 1) that may influence rice-Rhizobium interaction due to the 
great deal of genetic information available on these species/strains. 
The plants were incubated in a growth chamber with a photon flux of 575-600 J-lmol 
m·2s-1 using a 12 hr 30°C/20°C day/night cycle and 70% relative humidity. 7 d after 
inoculation, the tops of the jars was sealed with Nescofilm™ allowing the protruding 
shoot of rice seedling to grow and to prevent microbial contamination of the root system. 
The rice plants were harvested at 7, 14 or 21 d after inoculation. Shoot and root 
characteristics were recorded on Agfachrome RSXII 100 slide film. Then the shoots were 
cut at stem base, and the roots were oven-dried at 55°C for 7 days before their dry weights 
were measured. Each treatment was duplicated in a random block design. Each 
experiment was repeated twice (unless otherwise stated). 
2.5.4 Bacterial colonisation studies in rice roots 
Rhizobium strains, expressing the GFP marker, were screened for their ability to colonise 
the roots of rice grown in Magenta jars. 
Rice seedlings of cv. Pelde were inoculated as described in section 2.5.3. The 
inoculated plants were transferred to Magenta jars containing FlO liquid medium and 
incubated in a growth cabinet at rice growing condition described previously. Bacterial 
colonisation was assessed at 14 and 21 d after inoculation by examining the slide with the 
seedlings, using fluorescence microscopy. 
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2.5.5 Fluorescence/light microscopy and sectioning of root samples 
The procedures for the GFP assays were those described by Gage et al. (1996). Roots of 
inoculated plants were harvested by cutting off the roots near the seed. Fresh and intact 
roots were put individually on microscope slide mounted in water and then examined 
for the green fluorescence of GFP-labelled rhizobia using fluorescence microscopy. 
After observation under fluorescence microscopy, the roots were discarded or sectioned 
for further examination. 
The fluorescence microscope (Axioplan Fluorescent microscope) was connected to a 
MC100 camera (Zeiss, Germany). Images were recorded on Fujichrome Provia 400 
slide film and scanned using Umax ® Astra 2400S/Power Look into computer files (TIF 
format). The scanned images were merged using Adobe Photoshop™ 5.0 or Adobe 
Illustrator TM 6.0 software to generate compound images. 
Root samples that needed to be examined further were cut and processed for 
sectioning. Root segments were fixed in 3.6 % (v/v) formaldehyde in 0.5M phosphate 
buffer (pH7 .0) for 2 days, rinsed three times with phosphate buffer and then embedded 
in 5% agarose. Thick cross sections of root samples (60 11M) were obtained on a Lancer 
Vibratome Series 1000 using razor blades. Sections were mounted in water on 
microscope slide and then directly examined by light microscopy. 
2.6 Molecular techniques 
2.6.1 General solutions for molecular biology 
Tris-Borate (TBE) 5X stock solution 
Tris base 54 g 
Boric acid 27.5 g 
0.05 EDTA (pH 8.0) 20 mL 
De-ionised water to 1 L 
RNAse A (DNAse free) 
Dissolved in 10 mM Tris.HCl (pH 7.5) and 15 mM NaCl to a concentration of 10 
mg.mL-1• Boiled for 15 min, dispensed into aliquots and stored at -20°C. 
Eckhardt lysis mixture (El solution) 
The following were added to TBE to make a final concentration of 1 mg.mL-1 
lysozyme, 1 mg.mL-1 RNAse A, 10% sucrose and 0.1% Bromophenol blue. 
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2.6.2 Eckhardt gels 
Plasmid profiles were visualised by using a modification of the method of Eckhardt 
(1978) in which horizontal agarose gels are used (Hynes et al., 1985, 1986, 1990). 
2.6.3 Gel preparation for Eckhardt 
A horizontal 0. 7 % agarose gel was poured in TBE buffer containing 1% SDS, with one 
comb system was allowed to set for 1 hr. The gel was placed in an electrophoresis tank 
filled with TBE buffer to a level just below the surface of the gel (Hynes et al., 1990) 
2.6.4 Culture preparation for Eckhardt 
Rhizobia were grown on TY or HP plates at 28°C for 3 d. One loopful of this was then 
used to inoculate 10 mL of liquid HP medium and incubated overnight with shaking at 
29°C in McCartney bottles at 200 rpm. The starter culture was then used to inoculate 
fresh HP medium at an OD600 of 0.1. The inoculated McCartney bottles were then 
incubated for 3 to 4 hr at the same conditions. Once the cultures were within an OD600 
of 0.2 to 0.3, 0.2 mL was transferred to Eppendorf tubes in ice and 0.5 mL of (cold, 
4°C) 0.3% sarkosyl (in TBE) was added each tube. The Eppendorf tubes were then 
centrifuged at full speed for 45s and the supernatant discarded. The cell pellet was then 
resuspended in 20 J.tL of E1 solution by gentle tapping and immediately loaded into an 
empty well on the gel using sterile cut-off tips. The gel was then run at 4°C for 2 hr at 
10 Volts to allow the entire sample to run into the gel and then at 70-80 Volts overnight. 
The gel was stained for 20 min in 0.5 ).tg.mL-1 of fresh ethidium bromide solution and 
photographed. Plasmid nomenclature followed that proposed by Casse et al. (1979). 
2. 7 Statistical analysis 
(In collaboration with the Statistical Consulting Unit, Australian National University) 
The experiments were arranged as randomised block designs. Data were subjected to 
analysis of variance (ANOV A) with treatment means compared at the 95% probability 
level (P< 0.05). Significant results of treatment means from ANOV A tests were further 
analysed with the least significant difference (LSD) at the 95% level. All statistical 
calculations were done using GenS tat (Sixth Edition, Version 6.1, VSN International 
Ltd, Hemel Hempstead, U.K.). Data were represented as line graphs (Maindonald, 
1992). All dry masses of root and shoot presented are in log (mg). 
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Figure 2.1 Schematic representation of the rice plant assay in Magenta jars 
A. Magenta jar containing up to 6 rice seedlings (B) held above the liquid growth 
medium by a perforated platform (C) and sealed with Nescofilm™ (D) . 
I 
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Author's footnote: Rhizobium strains used in this thesis prior to publication(s) (also relate to Chapter 1, 3, 4 and 5) 
A) Rhizobium leguminosarum bv. trifolii ANU843 nodulates white clover and it is a characterised strain studied in 
the Genomic Interaction Group, ANU. Many studies have used plasmid-cured derivatives of strain ANU843 to 
investigate their role in nodulation (Djordjevic et al., 1983; Rolfe et al., 1982; Philip-Hollingsworth et al., 1989); B) 
R. leguminosarum bv. trifolii TAl nodulates a range of Trifolium plants. Strain TAl has a 'Nod-' phenotype on a 
particular cultivar of subterranean clover called Woogenellup (A.H. Gibson, 1968) where it induces rare, poorly 
developed, slow-to-appear and ineffective lateral root nodules. It also contained negatively-acting genes located on 
the Syrn plasmid and elsewhere, which specifically block nodulation of cv. Woogenellup, hence specific cultivar 
recognition is involved. Mutants were created to investigate this phenomenon (Lewis-Henderson and Djordjevic 
MA, 1991); C) R. leguminosarum bv. trifolii Wl4-2 nodulates crimson clover and its plasmid cured derivatives 
were used to investigate their survival in soil under heat and drought stress (Baldani and Weaver, 1992). It was 
found that different plasmids had various functions in the utilization of different carbon substrates and in symbiosis 
(Baldani et al., 1992); D) R. leguminosarum bv. viciae VF39Sm nodulates vetch. Plasmid-cured derivatives were 
used to investigate their function in nodulation (Hynes and McGregor, 1990); E) Agrobacterium tumefaciens is an 
a-proteobacterium of the family Rhizobiaceae and it shares a similar habitat and close evolutionary relationship 
with the nitrogen-fixing syrnbionts of the Rhizobiaceae. Agrobacterium is a ubiquitous soil organism and it infects 
more than 90 families of dicotyledonous plants and it is etiological agent of the plant disease crown gall. The 
characterised strain Agrobacterium C58 has been sequenced (Wood et al., 2001); F) Sinorhizobium meliloti 1021 
and its closely related strain Rm2011 have been used in many biochemical and genetic studies to determine the 
function of its megaplasmids and specific regions located on the megaplasmids responsible for the nodulation of its 
plant host, Medicago. It is a simple model micro-organism to use as it contains only two megaplasmids compared to 
strains ANU843 and VF39Sm, which have 4 and 6 plasmids respectively. Furthermore, strain Sml021 has been 
sequenced (http://seguence.toulouse.inra.fr/meliloti.html); G) R. leguminosarum bv trifolii strains E4 and R4 were 
used as they were isolated within and in the rhizosphere of rice roots respectively (Yanni et al., 1997). Studies by 
Prayitno et al. (1999) demonstrated that strain E4 inhibited rice growth while strain R4 stimulated rice growth. 
CHAPTER3 
The inhibition or stimulation of rice growth and development by 
Rhizobium is controlled by plasmid-associated genes 
Auxin, cytokinin and nitrate mimicked the effect of Rhizobium on rice seedling 
growth 
[Part of this chapter has been published in Australian Journal of Plant Physiology 28: 923-
937 (2001)] 
3.1 Abstract 
The growth responses of rice seedlings (Oryza sativa L cv. Pelde) to specific 
Rhizobium strains and their plasmid-cured derivatives were examined to investigate the 
genetic basis of colonisation and the stimulation or inhibition of rice growth and 
development by rhizobia. Inoculation experiments with rice seedlings demonstrated 
that specific Rhizobium isolates of these rice-associated and legume-associated rhizobia 
could either promote, inhibit or have no influence on rice plant growth. Plasmids from 
Rhizobium leguminosarum bv. trifolii and R. leguminosarum bv. viciae affected the 
growth and development of rice root morphology. In the case of Agrobacterium 
tumefaciens strain C58, its plasmid-free derivative also affected rice root growth. 
Furthermore, the symbiosis (pSym) and the tumour-inducing (Ti) plasmids appeared not 
to be involved in determining the interaction of rhizobia with rice. Experiments showed 
that the viability of rhizobia played an important role in the interaction of rice and 
Rhizobium. 
By using the green fluorescent protein (gjp) as a visual marker, it was found that 
Rhizobium became intimately associated with rice seedling roots within 48 hours. 
Colonisation and plant growth studies demonstrated the rice-Rhizobium association 
involves a complex interaction between the medium, the non-legume host and rhizobia. 
Furthermore, investigations suggest that the phytohormones auxin, cytokinin as well 
as nitrate, each play a role in the complex association of Rhizobium with rice. 
33 
Chapter 3: The inhibition or stimulation of rice growth and development 
3.2 Introduction 
Many colonisation studies with non-legume Parasponia have shown that Rhizobium 
can enter the root tissue by crack entry via the erosion of epidermal cells (Bender et al., 
1987; Rolfe and Gresshoff, 1988). Rhizobium has also been shown to enter through 
cracks in the epidermis and the fissures created during the emergence of lateral roots in 
rice (Reddy et al., 1997; Yanni et al., 1997; Webster et al., 1997; Prayitno et al., 1999). 
However, the mechanism by which Rhizobium can enter rice root tissues is still 
unknown. 
Prayitno et al. (1999) · used GFP-labelled Rhizobium to demonstrate that the 
colonisation of rhizobia over time in rice root tissue could be monitored using GFP. The 
advantage of this technique is that GFP detection via fluorescent microscopy is easy, 
inexpensive and non-destructive. These workers were able to show that certain strains 
of R. leguminosarum bv. trifolii could colonise intercellularly, multiply and migrate 
inside growing lateral roots (Prayitno et al., 1999). Furthermore, it was found that R. 
leguminosarum bv. trifolii strain E4, previously isolated as an rice endophyte, inhibited 
rice growth while strain R4, isolated from the rice rhizosphere, stimulated the growth of 
rice (Yanni et al., 1997; Prayitno et al., 1999). 
Apart from the symbiosis plasmid (pSym), Rhizobium contains other plasmids whose 
functions are largely unknown (Baldani et al., 1992). By curing the plasmids and 
comparing the phenotypes of cured derivatives with those of the wild-type rhizobia, 
some information on plasmid function such as bacteriocin and EPS synthesis, 
nodulation efficiency, the utilisation of carbon sources (Baldani et al., 1992) and 
melanin synthesis (Hynes et al., 1988), all important contributors to the saprophytic 
competence of rhizobia in soil could be determined (Baldani et al., 1992). However, the 
role of cryptic, non-symbiosis plasmids in Rhizobium interactions with non-legumes 
especially with rice have to date received little attention. 
Auxins, cytokinins and ethylene play an important role in nodulation in legume 
plants and in root and plant development (Costacurta and Vanderleyden, 1995; Kende 
and Zeevaart, 1997; Hirsch et al., 1997; Wang et al., 2002; Hirsch, 1992; Stougaard et 
al., 2000). Work by Ridge et al. (1993) demonstrated that in the presence of high 
concentration of auxins and cytokinins, rice development was inhibited and rice root 
morphology altered forming 'pseudonodule' -like structures. Furthermore, high 
concentrations of nitrate have been shown to not only inhibit nodulation, but also to 
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affect plant root morphology (Zhang and Forde, 2000). Nevertheless, few studies have 
investigated the role of such phytohormones and nitrate in the non-legume rice. 
3.3 Aim of this chapter 
In this chapter, a rice developmental map covenng the period of 21 d :from 
germination is described and compared with rice inoculated with different Rhizobium 
strains. The first 7 d of the infection process in rice is also compared with that in 
berseem clover. Finally, an attempt is made to mimic the rice-Rhizobium interaction by 
addition of phytohormones (auxin and cytokinin) and the use of different nitrogen 
sources. 
3.4 Materials and methods 
3.4.1 Bacterial culture and plant inoculation 
R. l. bv. trifolii isolated :from Egypt from rice root tissues and rhizosphere strain E4 
and R4 and legume-associated R. l. bv. trifolii strains ANU843, W14-2 and TAl, and 
R. l. bv. viciae strains VF39SM and their plasmid-cured derivatives and Tn5 mutants 
(Table 3.1) were grown on BMM plates for 3 d at 28°C as in section 2.4.1. A. 
tumefaciens strain C58 and its plasmid-free derivative was grown on BMM plates under 
the same conditions. Bacterial strains that were labelled with gfp, were grown on BMM 
supplemented with Spectinomycin 150 llg mC1 or Tetracycline 15 llg mL-1 (section 
2.4.2). Colonies were then resuspended to OD600 0.1 in sterile water. Suspensions were 
then used to inoculate rice plants as in section 2.5.3. For nodulation assays in section 
2.5.2, colonies were grown overnight to OD6oo 0.2-0.3 in BMM liquid medium. 
Table 3.1 Bacterial strains used in this chapter 
Strain Characteristics 
Rhizobium leguminosarum biovar trifolii strains 
ANU843 
ANU843(gfp) 
ANU865 
Wild type, Nod+ Fix+ on clover 
Strain containing pHC60 
Spontaneous Nod- mutant, 2 plasmids cured 
derivative of ANU843, Tn5 chromosomally 
located, Kmr 
Reference/Source 
Rolfe et al. 1980 
This study 
Djordjevic et al. 
1983 
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Table 3.1 continued 
Rhizobium leguminosarum biovar trifolii strains 
CFNS52 Plasmid a cured (pa) derivative of ANU843, T. Stepkowski 
Nod- Fix· on clover 
CFNS8 Plasmid b cured (pb-) derivative of ANU843, T. Stepkowski 
Nod+ Fix+ on clover 
CFNS152 Plasmid c cured (pc-) derivative of ANU843, T. Stepkowski 
Nod+ Fix+ on clover 
CFNS9023 Plasmid d cured (pd-) derivative of ANU843, T. Stepkowski 
Nod+ Fix+ on clover 
CFNS309 Plasmid e cured (pe·) derivative of ANU843, T. Stepkowski 
Nod+ Fix+ on clover 
CFNS6140 Plasmid a and c cured (pa·c·) derivative of T. Stepkowski 
ANU843, Nod- on clover 
ANU870 ANU845(pBR1AN) K.mr Djordjevic et al. 
1983 
TAl Wild type, Nod- on cv. Woogenellup, Nod+ Gibson 1968 
Fix+ on other subterranean clover cultivars 
ANU794 Smr derivative ofR. I. bv. Trifolii strain TAl; J. Vincent 
Nod+ Fix+ on white and subterranean clovers 
ANU794(gfiJ) Strain containing pTB93F This study 
ANU437 Tn5 rough mutant of R. l. bv. trifolii strain Chakravorty et al. 
ANU794, Nod+ Fix·, K.mr 1982 
ANU7941 ANU794 nodM::Tn5-Mob, Nod+ on cv. Lewis-Henderson 
Woogenellup and Djordjevic 
1991 
ANU7943 ANU794 csnl ::Tn5, significantly higher Lewis-Henderson 
nodulation of lateral roots of cv. Woogenellup and Djordjevic 
1991 
W72 ANU794::Tn5 chromosomally-located, Nod+ Roddam et al. 2002 
on cv. Woogenellup 
W78 ANU794::Tn5 chromosomally-located, Nod+ Roddam et al. 2002 
on cv. Woogenellup 
W710 ANU794::Tn5 plasmid-located, Nod+ on cv. Roddam et al. 2002 
Woogenellup 
W14-2 Wild type, pRtrW14-2 a,b,c,d, Nod+ on crimson Baldani et al. 1992 
clover 
W14-2(a) W14-2 cured ofpRtrW14-2 b,c,d, Nod- on Moenne-Loccoz 
crimson clover and Weaver 1995 
Wl4-2(b) W14-2 cured ofpRtrW14-2 a,c,d, Nod· on Moenne-Loccoz 
crimson clover and Weaver 1995 
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Table 3.1 continued 
Rhizobium leguminosarum biovar trifolii strains 
W14-2(c) W14-2 cured ofpRtrW14-2 a,b,d, Nod- on Moenne-Loccoz 
crimson clover and Weaver 1995 
W14-2(d) W14-2 cured ofpRtrW14-2 a,b,c, Nod+ on Moenne-Loccoz 
crimson clover and Weaver 1995 
W14-2(pl) W14-2 cured ofpRtrW14-2 a,b,c,d Moenne-Loccoz 
(plasmidless), Nod- on crimson clover and Weaver 1995 
R4 R. leguminosarum bv. trifolii from rice root Yanni et al. 1997 
rhizosphere 
R4(W) Strain containing pHC60 This study 
R4(pBR1AN) Strain containing pBR1AN, Rif K.mr This study 
E4 R. leguminosarum bv. trifolii from sterilised Yanni et al. 1997 
rice root 
E4(W) Strain containing pHC60 This study 
Rhizobium leguminosarum biovar viciae strains 
VF39SM Spontaneous Smr mutant ofVF39 U.B. Priefer 
LRS39201 VF39SM carrying a 60-kb deletion in Hynes and 
pRleVF39b, Nod+ Fix+ McGregor 1990 
LRS39301 VF39SM cured ofpRleVF39c, Nod+ Fix- Hynes and 
McGregor 1990 
LRS39401 VF39SM cured ofpRleVF39d, Nod- Hynes and 
McGregor 1990 
LRS39501 VF39SM cured ofpRleVF39e, Nod+ Fix- Hynes and 
McGregor 1990 
I LRS39601 VF39SM cured ofpRleVF39f, Nod+ Fix+ Hynes and 
,:··1 McGregor 1990 
LRS393401 VF39SM cured ofpRleVF39c and pRleVF39d, Schluter et al. 1997 
Nod-
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Table 3.1 continued 
Agrobacterium tumefaciens 
C58 Virulent strain J. Schell 
UBAPF2 Plasmid free A. tumefaciens strain C58, Rf Hynes et al. 1985 
Escherichia coli 
HB101 Rif, F, hsdS20 (r-, m-), Ara-l4,proA2, ga!KZ, Chen 1987 
rpsL20, xyl-5, mtl-l, supE44, !acYl, recAI3, 'A-
Inc Plasmids 
pHC60 
pTB93F 
pRK2013 
A spontaneous mutant of plasmid pHC41 
carrying an insert that expresses GFP (GFP-
S65T) and containing a RK2 stabilisation 
fragment; T cr 
Plasmid pMB393 carrying an insert that 
expresses GFP (GFP-S65T), Spr Cmr 
HB 1 01 derivative, helper plasmid for 
mobilisation into rhizobia, Kmr 
Cheng and Walker 
1998 
Gage et al. 1996 
Ditta et al. 1980 
Nod+ =ability to nodulate, Nod- = inability to nodulate, Fix+ = ability to fix nitrogen, 
Fix- = inability to fix nitrogen 
3.4.2 Fluorescent labelling of Rhizobium leguminosarum bv. trifolii strains R4, E4, 
ANU843 and ANU794 
A GPF encoding plasmid (pTB93F) or pHC60 (Gage et al., 1996; Cheng and Walker 
1998) was transferred from a donor E. coli strain into the recipient R. !. bv. trifolii strains 
E4, R4, ANU843 and ANU794 used for rice colonisation and legume nodulation studies 
by triparental mating technique of Sinclair and Holloway (1982), using E.coli strain 
HBIOI, carrying the helper plasmid pRK2013. Triparental matings were done on 
Tryptone Yeast agar plates, which were incubated overnight at 29°C. These were replica 
plated onto TMR medium containing Spectinomycin (150 J-Lg mL-1) or Tetracycline (15 
J-Lg mL-1) to select for transconjugants. Single colonies, which grew on selective 
medium and expressed GFP, were purified and subcultured on fresh selective medium, 
and transferred to BMM (Spectinomycin 150 J-Lg mL-1 or Tetracycline 15 J-Lg mL-1). 
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3.4.3 Plant germination and growth 
Seeds of several legume hosts: berseem clover (T. alexandrum L.), white clover (T. 
repens cv. Haifa), vetch (V. sativa L.) were sterilised and germinated as in section 2.5.1. 
Following Rhizobium inoculation, inoculated legume plants were grown under rice or 
legume growth condition as in section 2.5.2 and 2.5.3. Plants were grown for 3-4 weeks 
before nodules were counted and nodules sectioned to view under light and fluorescent 
microscope to observe green fluorescent protein (GFP)-labelled bacteria as in section 
2.5.6. 
Seeds of Oryza sativa cv. Pel de were sterilised and germinated as in section 2.5 .1. 
Following rhizobia! inoculation, inoculated rice seedlings were transferred to Magenta 
jars (section 2.5.3). Inoculated and uninoculated control rice plants were grown in FlO 
liquid medium and incubated in a growth cabinet at rice growing condition described in 
section 2.5.3. Plants were grown for up to 7 d or 14 and 21 d to observe GFP-labelled 
rhizobia in rice root (section 2.5.6), to observe effect of rhizobia of rice seedling growth 
and to harvest roots and shoots for dry weight analysis as in section 2.5.3. 
3.4.4 Developmental map of rice cv. Pelde 
To determine the effect of Rhizobium on rice growth and development, rice seeds of 
cv. Pelde were sterilised and treated as described in section 2.5.3. Fifty-four 
uninoculated rice plants, grown in liquid NFM containing lOmM KN03 in Magenta 
jars, were arranged in a random block design. Each block contained three Magenta jars 
and each block was placed in different areas in the growth chambers. At 7, 14 and 21 d, 
one Magenta jar in each block was harvested. The length of shoot, length of the main 
root, the number of laterals on the first main root, number of the main roots, and the 
presence of secondary lateral roots on other main roots were recorded to make a 
developmental map of rice. 
3.4.5 Bacterial colonisation studies in rice roots 
Rhizobium strains, expressing the GFP marker, were screened for their ability to 
colonise the roots of rice grown in the glass slide system and in Magenta jars. 
A) Glass slide system 
For the study of bacterial entry into rice root over 7 d, the glass slide technique of 
Gage et al. (1996) was used with some modifications. The glass slide system involved 
the use of a glass slide with a cover slip (25 x 65 mm) using silicon sealant (Sylastic® 
glue) instead of a dialysis membrane. The distance between the slide and cover slip was 
39 
Chapter 3: The inhibition or stimulation of rice growth and development 
set at 1.5 mm (Figure 3.1). The glass slide technique did not use agar that was overlaid 
on the glass slide as described by Gage et al. (1996). This was to allow the liquid Fl 0 
medium to fill the space between the glass slide and the coverslip. Inoculated three-
days-old seedlings were placed between the glass slide and the glass cover slip, one 
seedling per glass slide. The slides were placed in Coplin jars (maximum of 6 slides per 
jar) containing 90mL of FlO liquid medium, and the Coplin jars were covered with 
aluminium foil to keep roots in the dark for the first 7 days and allow gas exchange. The 
jars were incubated in a growth chamber (section 2.5.3). Bacterial colonisation was 
examined by placing the slide, holding the seedling, under a fluorescence microscope at 
time 0, 1, 2, 3, 4, 5, 6, and 7 d. After each examination, the slide was replaced in the 
Coplin jars and re-incubated in the growth chamber. 
B) Magenta jars 
Rice seedlings of cv. Pelde were inoculated as described in section 2.5.3. The 
inoculated plants were transferred to Magenta jars containing Fl 0 liquid medium and 
incubated in a growth cabinet as described previously. Bacterial colonisation was 
assessed at 14 and 21 d after inoculation by examining the slide with the seedlings, using 
fluorescence microscopy (as in section 2.5.4). 
3.4.6 Viability of rhizobia 
Rice seedlings, after being inoculated with rhizobia (section 2.5.3), were then 
transferred to liquid FlO medium supplemented with Tetracycline (2-4 J.lg mL-1) to 
reduce the viability of the rhizobia and to investigate how Rhizobium affects rice 
seedling growth. The plants were grown under rice growth condition (section 2.5.3) for 
21 d. Each treatment was duplicated in a random block design. The experiments were 
done once. After 21 d, 1 mL of each suspension from Magenta jars were streaked out on 
BMMplates. 
3.4.7 Use of a dialysis membrane to inoculate rice seedlings of cv. Pelde 
Three-day-old germinated rice seedlings were transferred to Magenta jars containing 
250mL Fl 0 liquid medium. Spectra/Por® dialysis membrane with a molecular weight 
cut off of 12-14,000 was used to inhibit the colonization of Rhizobium on rice roots. The 
dialysis membrane was sealed at one end and supported above the liquid (Figure 3.2). 
One mL of bacterial suspension containing approximately 108 cells mL-1 of GFP-
labelled bacteria was added into the dialysis tube and plants were grown under rice 
growth conditions (section 2.5.3) for 7 to 14 d. 
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3.4.8 Application of alternative nitrogen sources 
To investigate the possible role of the medium on the interaction of rice plants with 
rhizobia, Fahraeus nitrogen-free mineral liquid medium (Vincent, 1970) was 
supplemented with different forms of nitrogen at various concentrations or Hoaglands 
medium (Sigma Co. #2 Cat. No. H2395). Hoaglands medium contained 1mM NH4 +and 
14 mM N03-. Rice seeds were germinated and they were inoculated with R. 
leguminosarum bv. trifolii strain ANU 843 (section 2.5.3) and then transferred to 
Magenta jars containing the nitrogen-free liquid medium supplemented with various 
forms of nitrogen. Concentrations of nitrogen supplements added in Fahraeus nitrogen-
free mineral liquid medium were 10, 50 and 100 mM KN03, 10 mM KCl, 10 mM 
NH4Cl and 10 mM NH4N03 respectively. 
The plants were harvested after 21 d and dry weights or shoot and root characteristics 
recorded. 
3.4.9 Application of phytohormones or compounds regulating the phytohormone 
pathway 
Indole acetic acid (IAA), a.-naphthalene acetic acid (NAA), aminoethoxylglycine 
(AVG), 1-aminocyclopropane-1-carboxylic acid (ACC) and the synthetic cytokinin, 6-
benzylaminopurine (6-BAP), were added at concentrations of 10-5, 10-6, 10-7 and 10-8 M 
to sterile liquid F1 0 medium before planting rice seedlings in Magenta jars. These 
compounds were used to mimic the effect of Rhizobium on rice seedling growth. 
The plants were then transferred to growth chambers (section 2.5.3). Plants were then 
harvested at 7, 14 and 21 d. 
3.4.10 Statistical analysis 
The experiments were arranged as randomised block designs. Data were subjected to 
analysis as in section 2.7. 
3.5 Results 
3.5.1 Developmental map of rice cv. Pelde grown in FlO medium for 21 d 
To investigate the effect of rhizobia on the growth and development of rice cv. Pelde, 
a developmental map using uninoculated rice plants was created to establish a pattern of 
root rice growth (section 3.4.4). 
Control uninoculated rice plants were assessed for the development of roots and 
shoots after 3d of germination and then to a period of21 d as in section 2.5.3. At 0 d, 
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rice seedlings had on one main root, between 1.5 and 2.0 em long, and one shoot. 
Between 0 to 7 d, the first main root had begun to develop primary roots that elongate 
up to 3 em long. Also by 7 d, the other main roots had formed. 
At 14 d, the other main roots had developed lateral roots and the elongated first main 
root had begun to form secondary laterals. At 21 d, secondary laterals were present on 
the other primary roots of the other main roots. The main roots and the lateral roots 
continued to elongate during these experiments (Figure 3.3). 
3.5.2 Effect of non-GFP-labelled and GFP-labelled Rhizobium leguminosarum bv. 
trifolii strains ANU843, E4 and R4 on the growth of young rice seedlings cv. Pelde 
in liquid Fl 0 medium over 21 d 
To determine the effect of rhizobia on the growth of rice seedlings cv. Pelde, three 
strains of R. leguminosarum bv. trifolii (E4, R4 and ANU843) were used. Strains E4 
and R4 were used because they were strains isolated in Egypt from within rice root 
tissue and the rice rhizosphere respectively (Yanni et al., 1997). They were also chosen 
because they had been shown to have different effects on rice growth (Prayitno et al., 
1999). Strain ANU843 was chosen because it is a well characterised laboratory strain 
and only known as a legume associated strain. Rhizobium strains were labelled with gjp 
as in section 3.4.2 to determine their association with non-legume rice. Germinated rice 
seedlings were inoculated with non-labelled and GFP-labelled R. leguminosarum bv. 
trifolii strains ANU843, E4 and R4 and plants grown under rice conditions for 21 d (as 
in section 2.5.3). 
At 21 d, rice seedlings grown in liquid FlO medium and inoculated with non-labelled 
and GFP-labelled strains ANU843 and E4 had developed yellow leaves and the roots 
were stunted with very short lateral roots compared to control rice seedlings at 21 d 
(Figure 3.3). Rice inoculated with non-labelled and GFP-labelled Rhizobium strain R4 
had a similar pattern of rice root development to the control at 21 d (Figure 3.3). The 
first sign of rice growth inhibition i.e. the yellowing of the rice shoots by rice seedlings 
inoculated with non- labelled and GFP-labelled rhizobia strains ANU843 and E4 could 
be observed as early as 7 d compared to the uninoculated and R. leguminosarum bv. 
trifolii strain R4 inoculated rice seedlings (data not shown). 
Using fluorescent microscopy, all the GFP-labelled rhizobia, ANU843, E4 and R4 
could be observed at 21 d on the surface of rice root tissues, in epidermal cells, at the 
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lateral root junctions and within the intercellular spaces of lateral roots forming short 
intercellular lines ofbacteria. It is thus apparent that even the legume specific ANU843 
is capable of infecting rice. Also, GFP-labelled strain R4, which did not inhibit rice 
seedling growth and root development formed intercellular long lines of bacteria within 
the lateral roots of rice seedlings cv. Pel de at 7 d (Figure 3 .17) and at 14 and 21 d (data 
not shown). 
3.5.3 Plasmid-associated genes of Rhizobium strains affect the rice seedling growth 
at 14 and 21 din liquid FlO medium 
Wild-type rice-associated Rhizobium strains E4 and R4 were found to have different 
effects on the growth of rice seedlings. The legume associated Rhizobium strain 
ANU843 had a similar inhibitory effect to that of strain E4 on rice growth and 
development. To determine the mechanism by which the two rice-associated Rhizobium 
strains E4 and R4 affect rice growth, inhibitory to stimulatory respectively, plasmid-
cured derivatives of ANU843 were used to investigate the role of plasmids in the rice-
Rhizobium interaction. 
Plasmid profiles of the Rhizobium strains used to study the role of plasmids in the 
Rhizobium interaction with rice were generated as in section 2.6 (Figure 3.4). The 
plasmid gel profiles of inhibitory Rhizobium strain ANU843 had a similar plasmid 
profile to the inhibitory strain E4 while the non-inhibitory strain R4 contained only 3 
plasmids (Figure 3.4). 
Three-days-old rice seedlings cv. Pelde inoculated with the wild-type Rhizobium 
strains and their plasmid-cured derivative (Table 3.1) were grown for 14 or 21 d as in 
section 2.5.3. The dry mass of roots and shoots were used as a measure and for 
statistical analysis to determine the inhibitory or stimulatory effect of rhizobia on rice 
seedling growth (section 2.5.3; section 3.4.10). 
Rhizobium strain ANU843 and its pSym-cured derivative, CFNS52(pa-), inhibited 
rice growth at 14 d and 21 d, whereas some of its plasmid-cured derivatives 
CFNS8(pb), CFNS152(pc), CFNS9023(pd), CFNS309(pe) (Table 3.2; Figure 3.5, 
3.6) and CFNS6140(pa-, pc-) and ANU865 (Figure 3.7) did not. The root development 
of rice seedlings inoculated with Rhizobium strain R4 and plasmid-cured derivatives of 
strain ANU843, CFNS8(pb), CFNS152(pc), CFNS9023(pd-), CFNS309(pe-), 
CFNS6140(pa-, pc-) and ANU865, grew in the same way as the control rice plants 
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(Figure 3.3). Inhibitory strains E4, ANU843 and its pSym-cured derivative, CFNS52 
(pa-), stunted rice root and shoot growth were compared to control plants at 14 d (Figure 
3.5 and 3.7) and at 21 d (Figure 3.6). All rice plants inhibited in overall growth had 
stunted root growth, that is short lateral roots at 14 d and 21 d (Figure 3 .16). 
The Rhizobium wild-type strain W14-2, which contains 4 plasmids (Figure 3.4), also 
inhibited the growth of rice plants, whereas its plasmid-cured and plasmid-deleted 
derivatives had no effect on the growth of rice (Figure 3.8) at 21 d. Similar results were 
observed in the case of the wild-type R. leguminosarum bv. viciae strain VF39SM and 
its plasmid-cured derivatives (Figure 3.9). The Rhizobium strain VF39SM contains 6 
plasmids (Figure 3.4). The wild type strain VF39SM and its plasmid-cured derivatives 
LRS39201(pb), LRS39301(pc), LRS36401(pd-) and LRS363401(pc-,pd-) inhibited the 
growth of rice plants though root inhibition was not as strong as the inhibitory R. 
leguminosarum bv. trifolii strain ANU843, suggesting that a slight difference in the 
interaction of rice with various Rhizobium species (Figure 3.9). The other plasmid-cured 
derivatives of VF39SM, LRS39501(pe·) and LRS39601(pf) had no effect on rice 
growth (Figure 3.9) and showed a similar pattern of root development to control plants 
(Figure 3.15). These results suggest that genes which are plasmid borne, or associated 
are involved and more than one replicon is needed to determine the Rhizobium 
interaction with rice. 
Another R. leguminosarum bv. trifolii TAl and its Tn5 mutant, ANU794 were also 
used to observe their effect on rice growth and development. They were chosen because 
Rhizobium strain T A 1 and ANU794 in cultivar specific nodulation on clover, failed to 
successfully nodulate Trifolium subterranean cv. Woogenellup and caused a 
hypersensitive response in the legume host (de Boer and Djordjevic, 1995). 
Interestingly, R. leguminosarum bv. trifolii wild type strain TAl and ANU794 inhibited 
rice growth (Figure 3.10). Similarly all mutants of ANU794, Rhizobium strains W72, 
W78, W710, ANU 437, ANU7941 and ANU7943 inhibited the growth of rice seedlings 
at 21 d (Figure 3.10). 
The tumour inducing Agrobacterium tumefaciens wild type strain C58, and its 
plasmid free derivative was used to investigate the extent of rhizobia! interaction with 
rice plants as Agrobacterium is known to associate with plants and is in the 
Rhizobiaceae family. The wild-type A. tumefaciens strain C58 and its plasmid free 
derivative inhibited rice growth at 21 d compared to control plants (Figure 3.10) and 
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both strains stunted lateral root development forming short lateral roots (shown in 
Figure 3.15). 
3.5.4 Nod genes are not involved in the inhibition phenomenon caused by wild-type 
Rhizobium strains 
All wild-type strains of Rhizobium except for strain R4 inhibited the growth of rice 
seedlings. The pSym cured derivatives of ANU843, strain CFNS52(pa) inhibited rice 
growth while other plasmid-cured derivatives of ANU843, strains CFNS8(pb-), 
CFNS152(pc·), CFNS9023(pd), CFNS309(pe·), which still contained the symbiotic 
plasmid, did not inhibit rice growth. To investigate if nodulation genes were involved 
in the Rhizobium interaction, a self-transmissible symbiosis plasmid encoding clover-
specific nodulation and nitrogen fixation functions (pBRlAN) (Djordjevic et al., 1983) 
was transferred from R. leguminosarum bv. trifolii strain ANU870, into the Rifampicin 
resistant recipient Rhizobium strain R4 (section 2.4.5) by a biparental mating technique 
similar to that of Sinclair and Holloway (1982). Matings were done on Tryptone Yeast 
agar plates, which were incubated overnight at 29°C. These were replica plated onto 
TMR medium containing Kanamycin (100 )..lg mL-1) and Rifampicin (25 )..lg mL-1) to 
select for transconjugants. Single colonies, which grew on selective medium were 
purified and subcultured on fresh selective medium, and transferred to BMM 
(Kanamycin 100 )..lg mL-1 and Rifampicin 25 )..lg mL-1 ). 
Rifampicin was chosen because strain R4 was resistant to a high concentration of 
Kanamycin (150 J..tgmL-1). This would have made it hard to isolate strain R4 
transconjugants containing the pBR1AN plasmid, which contained Kanamycin 
resistance marker (Djordjevic et al., 1983). Transconjugants ofR4pBR1AN were tested 
for their ability to nodulate white and berseem clovers as in section 2.5.2 under clover 
growing conditions. At 14 d, R4pBR1AN transconjugants nodulated white and berseem 
clovers (data not shown). Strain ANU870 and ANU843 nodulated both white and 
berseem clovers while strain R4 did not (data not shown). This showed that the 
pBRIAN plasmid is very stable in the strain R4 background. Therefore, transconjugants 
of R4pBR1AN were also tested in rice plants, as in section 2.5.3, over 21 d. No 
inhibition was observed in Rhizobium strain R4pBR1AN inoculated rice plants and a 
similar pattern of root growth and development to the control and to strain R4 
inoculated rice plants was observed (Figure 3.3). 
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3.5.5 Rhizobium strains inhibited the growth of rice plants: This could be 
mimicked by high concentrations of auxins and cytokinin 
Certain Rhizobium strains affected rice root development by stunting rice root growth 
as observed by the formation of short lateral roots on rice seedlings inoculated with 
inhibitory Rhizobium strains such as strain E4, VF39SM and Agrobacterium C58. Non-
inhibitory strains, such as R4 and plasmid-cured derivatives of W14-2, did not affect 
rice root growth and the pattern of root development appeared similar to that of 
uninoculated rice plants. Auxin, cytokinin and ethylene are phytohormones involved in 
plant development and more specifically in root development and growth (Davies, 
1995). To mimick the rice growth inhibition phenomenon between Rhizobium and rice, 
various concentrations of the auxins, indole-3-acetic acid (IAA), naphthalene acetic acid 
(NAA), the cytokinin, 6-benzylaminopurine (BAP), the ethylene synthesis inhibitor, 
aminoethoxyvinylglycine (AVG) and the ethylene precursor, 1-aminocyclopropane-1-
carboxylic synthase (ACC) were tested (section 3.4.9) and their effects on the growth 
and development of rice plants observed. Uninoculated three-days-old plants were 
transferred to Magenta jars containing various concentrations of IAA, NAA, AVG, 
ACC and BAP and were grown for 14 to 21 d under rice growth conditions as in section 
2.5.3. 
At low concentrations (1 x 10-8 M) of IAA or NAA, lateral root formation of rice 
plants grown in Fl 0 medium was not affected, and normal development of roots could 
be observed up to 14 d, whereas at lxl0-6 M concentrations of IAA or NAA, root 
morphology was affected, producing short lateral roots formation (Figure 3.3 and 3.15). 
Plants treated with lxl0-6 M NAA and those inoculated with Rhizobium strain ANU843 
were stunted in overall growth (Figure 3.11 ). Though there were similarities in root 
morphology between Rhizobium ANU843 treated rice seedlings and NAA treated rice 
plants (Figure 3.15) the level of inhibition for root and shoots was not the same, 
suggesting that auxin is not the only factor involved in the inhibition of rice growth by 
Rhizobium (refer to further investigations in Chapter 6 and 7). 
The role of cytokinin was investigated by the addition ofBAP at concentrations of 
1 X 1o-8 M to 1 X 1o-5 M to liquid Fl 0 medium. All plants treated with BAP were stunted 
in growth and lateral root development was inhibited except for the control plants at 21 
d (Figure 3.3 and Figure 3.12). Rice seedlings treated with cytokinin did not develop 
any lateral roots (Figure 3.12) on the main roots while Rhizobium treated rice plants did 
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developed lateral roots either short laterals or laterals similar to uninoculated rice plants 
suggesting that cytokinin (at concentrations tested) is not the only phytohormone 
involved in the inhibition phenomenon between Rhizobium and young rice seediings. 
In the case of ethylene, A VG, an ethylene inhibitor, and ACC, an ethylene precursor, 
were added at a concentration of 1 x 10-6M to the liquid F1 0 medium in which plants 
were grown. These plants were not stunted in growth and root morphology appeared 
normal at 14 and 21 d (Figure 3.7). These results are summarised in Figure 3.3. 
3.5.6 Inhibition phenomenon on rice seedling cv. Pelde by Rhizobium ANU843 can 
be mimicked by high concentrations of KN03 
Nitrate is known to affect nodulation by autoregulation (Rolfe and Gresshoff, 1988) 
and control lateral root formation and elongation in Arabidopsis via the auxin signalling 
pathway (Zhang and Forde, 2000). To investigate the role of nitrate in the inhibition 
phenomenon observed in Rhizobium ANU843 inoculated rice seedlings, different 
concentrations of potassium nitrate, 10, 50 and 100 mM KN03, were added to NF liquid 
medium. Uninoculated and inoculated Rhizobium strain ANU843 germinated rice 
seedlings were grown in NF liquid medium supplemented with 10, 50 and 100 mM 
KN03 for 21 d. 
All plants inoculated with ANU843 in NFM supplemented with KN03 at 
concentrations between 10 to 100 mM had stunted growth (Figure 3.13). Furthermore, 
control plants had stunted growth when the concentration of KN03 was 50 and 100 mM 
in NFM (Figure 3.13). Seedlings with stunted shoot growth always showed a pattern of 
stunted root morphology (Figure 3.15). Results suggested that nitrate may play a role in 
the interaction of Rhizobium with rice, and that the inhibition of rice growth observed in 
Rhizobium ANU843 inoculated plants was similar to rice plants being grown in high 
concentrations of nitrate in the form of potassium nitrate. 
3.5.7 Different sources of nitrogen affect the interaction of Rhizobium ANU843 on 
rice seedling cv. Pelde 
To investigate the effect of the plant growth medium on the interaction of Rhizobium 
strains with rice, strain ANU843 and its plasmid-cured derivatives, and strain R4 were 
tested on rice seedlings grown in Hoaglands liquid medium for 21 d. It was observed 
that the inhibitory effect of Rhizobium strain ANU843 and its pSym cured derivative, 
47 
Chapter 3: The inhibition or stimulation of rice growth and development 
CFNS52 (pa·) on rice seedlings grown for 21 d was less prominent compared with those 
grown in liquid FlO medium (Figure 3.14 and 3.6). The plants had developed a better 
root system with more laterals compared to ANU843-treated rice plants grown in Fl 0 
liquid medium at 21 d as evidenced by the higher log (root) dry mass in Hoagland's 
grown rice plants (Figure 3.14 and 3.6). 
As previously shown, high concentrations of nitrate in the absence of the inhibitory 
Rhizobium strain ANU843 inhibited rice growth and Hoagland's medium contains other 
forms of nitrogen i.e. lmM NH/ and 14 mM N03- and other ions suggesting that the 
medium can influence Rhizobium-rice interaction. 
To investigate how the inhibitory effect of strain ANU843 on rice can be moderated 
by the Hoaglands medium, NF liquid medium was supplemented with different sources 
of nitrogen. The nitrogen sources tested were 10 mM NH4N03 and 1 OmM NH4Cl and as 
a control, Fl 0 liquid medium. As a negative control, NF liquid medium was 
supplemented with 10 mM KCL Uninoculated and Rhizobium ANU843 inoculated 
plants were grown in Magenta jars as in section 3.4.8. 
Plants grown in NFM containing different sources of nitrogen in the form of 
ammonium salts, NH4N03 and NH4Cl and inoculated with the inhibitory strain 
ANU843 had green shoots and were less inhibited in shoot dry mass compared with 
strain ANU843-inoculated plants grown in FlO liquid medium (Figure 3.6 and 3.14). 
The strain ANU843-inoculated rice plants grown in the presence ofN~N03 and NH4Cl 
in NF liquid medium still did grow as well as rice seedlings inoculated with strain 
ANU843 grown in Hoagland's medium except at the root level (Figure 3.14). The 
presence of ammonium ions did not completely suppress the inhibition phenotype of 
strain ANU843 as seen in the log (root) dry mass of rice seedlings of cv. Pelde grown in 
NFM supplemented with NH4N03 or NH4Cl compared with the inoculated and the 
uninoculated control (Fl 0). These findings indicated that K+ and other ions in the 
growth medium are also involved confirming the results of Prayitno et al., 1999 (Figure 
3.14; refer to further investigations in Chapter 4). 
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3.5.8 Viability of inhibitory Rhizobium strains is important for the rice growth 
inhibition 
To investigate how Rhizobium may play a role in the interaction of rice and 
Rhizobium and most specifically in the inhibition phenomenon, Rhizobium strain 
ANU843 treated rice plants were grown in F1 0 liquid medium supplemented with 
tetracycline at a concentration of 2 J.!gmL-1. Rice seedlings inoculated with strain 
ANU843 were also treated with UV (254nm) for 30 minutes to ensure extensive killing. 
Tetracycline and UV were used to inhibit Rhizobium growth. Tetracycline is known as a 
bacteriostatic antibiotic, which inhibits protein synthesis and UV has been used to insert 
lethal DNA mutations and thus inhibit growth ofbacteria. 
It was found that all rice plants inoculated with strain ANU843 were stunted in 
growth at 14 din liquid FlO as were to rice plants inoculated with UV-treated strain 
ANU843. When the medium was supplemented with the bacteriostatic antibiotic 
tetracycline, the inhibition phenomenon was abolished at 14 d (Figure 3.15). To 
investigate if the lack of rice growth inhibition was due to the killing of ANU843, a 1 
mL suspension from the Magenta jar containing tetracycline-treated rice plants was 
streaked on BMM and BMM supplemented with tetracycline (2 J.!gmL-1) plates. No 
growth of strain ANU843 was observed on BMM plates supplemented with tetracycline 
(2 J.!gmL-1) while ANU843 grew on BMM plates. Inoculated rice plants with GFP-
labelled strain ANU843 containing the resistance marker for tetracycline in the presence 
and absence of the antibiotic were inhibited in growth (data not shown). Control plants 
in the presence or absence of tetracycline were not inhibited in growth. Furthermore 
similar results were observed with strains T A 1 and ANU794 in the presence of 
tetracycline (2J.1gmL-1) (Figure 3.15). This suggests that the ability of inhibitory 
Rhizobium strains to synthesize proteins, possibly required for some particular 
metabolic pathways, is essential for rice growth inhibition. Sinorhizobium meliloti strain 
Sm1021 also inhibited the growth of rice plants and in the presence of tetracycline 
(2J.1gmL-1) the level of inhibition was not as high as plants treated only with S. meliloti 
1021 (Figure 3.15). 
To investigate if the inhibition effect of ANU843 was due to the subsequent contact 
of the bacteria with root tissue, or the excretion of inhibitory compounds by the bacteria, 
a dialysis membrane bag containing GFP-labelled ANU843 and E4 was used 
respectively as an inoculant. Uninoculated plants were transferred to Magenta jars 
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containing the dialysis membrane bags and grown under rice growth conditions 2.5.3. 
Unfortunately, at 7 d, GFP labelled ANU843 were found on the surface of rice roots of 
inhibited rice plants grown in FlO medium (data not shown). These experiments were 
tried several times but bacteria always managed to escape and colonise the rice root 
surfaces. 
3.5.9 Colonisation of GFP-labelled R. leguminosarum bv. trifolii strains ANU843, 
E4 and R4 on young rice seedlings cv. Pelde in liquid FlO medium over the first 7 d 
Rice seedlings, inoculated with GFP-labelled Rhizobium strains ANU843 and E4, 
showed signs of inhibition at 7 d (the yellowing of the shoots). This suggested that as 
early as 7 d, the interaction of rhizobia with rice roots played a determining role. 
Therefore, to investigate the interaction of rhizobia with rice, a glass slide and Magenta 
jar rice growth assay was devised to monitor the colonisation of GFP-labelled rhizobia 
on rice roots (section 3.4.5). 
After 90 min inoculation, GFP-labelled rhizobia strains ANU843, E4 and R4 were 
observed on the surface of the first main root. No motility or clusters of GFP-labelled 
bacteria in liquid culture and on the rice root was observed. 
After 24 h, GFP-labelled rhizobia had adhered to the surface of the roots. More 
GFP-labelled rhizobia were observed forming clusters on the surface of rice roots. 
Motile bacterial cells of GFP-labelled Rhizobium strain R4 were observed at the site of 
emerging primary laterals especially at the lateral root junctions, and at the main root 
tip. No motility was observed with GFP-labelled Rhizobium strain ANU843, and 
similarly to E4(gfp) inoculated rice roots, rhizobia were observed around the base of the 
protruding primary lateral roots. 
After 48 h, all GFP-labelled Rhizobium strains ANU843, E4 and R4 were observed 
within root hairs near the base of growing lateral roots on the first main root (Figure 
3.17). Occasionally, GFP-labelled bacteria were observed in root hairs in regions with 
no protruding lateral roots in proximity. Also epidermal cells were infected by GFP-
labelled rhizobia. Therefore within the 24-48 h window, GFP-labelled rhizobia infected 
rice root tissue. 
At 72 h, GFP-labelled ANU843 infected more root hairs at the base of lateral roots 
and along the first main root. In the case of strain R4(gfp) inoculated roots, no new root 
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hairs were infected with the GFP-labelled R4. With strain R4{gffi) treated rice plants, 
some root hairs which had fluorescing bacteria had began to lose fluorescence. 
At some sites where GFP-labelled bacteria were observed in root hairs, spreading of 
fluorescence were observed to spread below the infected root hairs at the base of lateral 
roots (Figure 3.17). 
Interestingly, at one region of a protruding lateral root, a curled rice root hair 
containing GFP-labelled bacteria was observed with R4{gffi) treated rice plant (Figure 
3.17 and 3.18). Under the light microscopy, an internal structure resembling that of an 
infection thread that did not extend to the base of the root hair was observed. GFP 
fluorescence was also confined to this structure under light and yet GFP-labelled 
bacteria were observed throughout the root hair under fluorescence. 
At 96 h, some lateral roots contained intercellular lines of GFP-labelled Rhizobium 
R4, while it appeared that some GFP-labelled bacteria that had infected rice root hairs 
were not fluorescent. In some cases, the intercellular long lines of GFP-labelled 
bacteria elongated to the tip of lateral roots or on the first main root until 7 d (Figure 
3.17). Similar observations of shorter intercellular lines of colonisation were observed 
with ANU843 (gffi) and E4 (gffi ), including the infection of more epidermal cells and 
root hairs until 7 d (Figure 3.17). 
In the Magenta jar assay, root hairs containing GFP-labelled rhizobia ANU843, E4 
and R4 after 48h were observed, but their occurrence were low compared to the glass 
slide assay (data not shown). 
As internal structures resembling infection threads inside rice roots were observed, 
nodulation assays were done to determine if these structures were similar to infection 
threads within the legume berseem clover. Strains ANU843, ANU794, R4 and E4 were 
GFP-labelled and used to monitor nodulation after 14 d. It was found that under clover 
growth conditions as in section 2.5.2, GFP-labelled ANU843, E4 and ANU794 formed 
pink nodules (Figure 3.18). Nodules were sectioned (60J.UI1 thickness) and viewed under 
the fluorescence microscope. GFP-labelled bacteria were found within infection threads 
inside curled roots hairs (Figure 3.18) and within the nodule structure. This is 
completely different to the infection process observed in rice plants treated with GFP-
labelled strain R4 (Figure 3.17 and 3.18) as GFP-labelled bacteria were not confined to 
the structures resembling infection threads in legumes. By using light and fluorescence 
microscopy at the same time, such structures appeared to contain fluorescence i.e. GFP-
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labelled bacteria. Interestingly, R4 did not formed nodules on berseern clover under 
clover conditions, but formed white nodules when strain R4-inoculated berseem clover 
plants were grown under rice conditions (Figure 3.18). Under the fluorescence 
microscope, GFP-labelled bacteria were observed only outside the nodule structure 
(Figure 3.18). This suggests that strain R4 is a Rhizobium strain that may have lost 
some of its ability to nodulate berseern clover and evolved to become a rice-Rhizobium 
specific strain as it did not inhibit rice growth compared to other strains ANU843 and 
E4, which still have their ability to nodulate berseern clover under clover growth 
conditions. 
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3.6 Discussion 
3.6.1 Plasmid genes affect the complex interaction between rhizobia, growth 
medium and rice plants 
The use of plasmid-cured derivatives of Rhizobium strains highlighted the complex 
interaction between rhizobia, the growth medium and rice plants (Figure 3.19). 
Inhibition and stimulation of rice growth and development by rhizobia is plasmid-
associated. By removing certain plasmids from wild-type strains of Rhizobium, the 
inhibitory effect on rice growth and development was abated. Plants treated with non-
inhibitory plasmid-cured derivatives of Rhizobium strains did not inhibit rice seedlings 
and these plants demonstrated a normal pattern of growth and root development. 
Studies showed that at most four plasmids are needed to establish rice growth 
inhibition. The removal of certain plasmids or one component in the inhibitory set of 
replicons can convert an inhibitory strain, for example strains ANU843 and VF39SM, to 
a strain that has a neutral effect on the growth of rice seedlings cv. Pel de when grown in 
liquid FlO medium (Table 3.3). 
Table 3.3 Summary of the phenotypes of rice seedlings inoculated with wild-type 
Rhizobium strains ANU843, VF39SM and W14-2 and their plasmid-cured 
derivatives grown in FlO medium after 21 d 
ANU843 Rice VF39SM Rice W14-2 Rice 
Ehenotype EhenotyEe Ehenotype 
Wild-type I Wild-type I Wild-type I 
-* I -* ND paonly N pa pa 
pb- N pb- I pb only N 
pc N pc - I pc only N 
* pd- N pd- I pd only N 
pe- N pe- N Plasmid-free N 
pa-, pc- N pf N 
2a-,pb- N pc-, pd- I 
ND, not determined; I, inhibition of rice seedling growth; N, no inhibition; * Sym 
plasmid in the strain) 
The Sym and Ti plasmids did not have a role in the inhibition of rice seedlings 
growth by R. leguminosarum bv. trifolii, R. leguminosarum bv. viciae and A. 
tumefaciens. Furthermore, the presence of self-transmissible plasmid encoding clover-
specific nodulation and nitrogen fixation functions (pBRIAN) (Djordjevic et al., 1983) 
into the non-inhibitory strain R4 did not inhibit rice growth suggesting that nodulation 
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and fixation genes are not involved in the inhibition phenomenon observed in ANU843 
inoculated rice plants. Plants inoculated with Wl4-2 and its plasmid-cured derivatives 
show that the chromosome of R. leguminosarum bv. trifolii was not involved in the 
inhibition of rice seedlings as the plasmid-free derivative ofW14-2 had a neutral effect 
on rice growth (Figure 3.8). While with Agrobacterium C58, the inhibitory phenotype 
was not abolished by the removal of the plasmids (as shown in Figure 3.10). This 
suggests that the inhibitory gene(s}, which are plasmid-associated in Rhizobium, was 
chromosomally located in the plasmid-free derivative ofAgrobacterium UBAPF2. 
Furthermore, by inhibiting protein synthesis in inhibitory strains ANU843, TAl and 
ANU794 without killing the bacteria, the growth inhibition of rice seedlings was abated 
(Figure 3.15). One possibility for loss of inhibition by certain non-inhibitory plasmid-
cured derivatives of ANU843, Wl4-2 and VF39SM could be due to lack of viability in 
the plant growth medium in the presence of rice seedlings. Investigations using a 
bacteriostatic antibiotic suggested otherwise, demonstrating that protein synthesis 
probably of inhibitory plasmid-associated genes is needed to cause rice growth 
inhibition. 
Plants had different growth responses in different media as observed in Hoagland's 
medium and FlO medium (Figure 3.14). Modifying plant growth media conditions can 
abate the Rhizobium inhibition of seedlings by affecting plant and/or the bacteria. 
Hoagland's medium increased the lateral root numbers and did not inhibit lateral root 
development evident by higher log (root) dry mass on inoculated and uninoculated 
plants compared with Fl 0 medium (Figure 3.14). Studies with plants inoculated with 
ANU843 and grown in liquid NF medium supplemented with I OmM NH4Cl and 10 mM 
NH4N03 only partially modulated the inhibition phenomenon (Figure 3.14). 
Inhibition of lateral root development and growth by rhizobia (Figure 3.16) was also 
achieved in uninoculated rice plants treated with 1 x 1 o-6 M IAA and NAA, 1 x 1 o-5 to 1 
x I o-8 M cytokinin or supplementing NF medium with high concentrations of nitrate 
(Figure 3.3, 3.11, 3.12 and 3.13). Nitrate and auxin, and the ratio of cytokinin/auxin are 
known to be involved in lateral root development in legumes and non-legumes (Ridge et 
al., 1993; Zhang et al., 1999; Mathesius etal., 2000ab; Costacurta and Vanderleyden, 
1995; Davies, 1995) and nodulation in legumes (Caba et al., 2000; Mathesius et al., 
2000; Hirsch et al., 1997). The presence of inhibitory strains of rhizobia on rice 
seedlings grown in F 10 may interfere with auxin levels in rice roots either via cytokinin, 
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nitrate or auxin itsel£ It is interesting that the plasmid-free derivative of Agrobacterium 
could still inhibit rice growth, as genes for auxin and cytokinin synthesis are located on 
the Ti plasmid (Costacurta and Vanderleyden, 1995). However, IAA synthesis genes 
have also been shown to be chromosomally located in Agrobacterium and therefore 
could still play a role in the rice growth inhibition (Costacurta and Vanderleyden, 
1995). 
Another possibility is that nitrate may play another role other than the auxin 
signalling in lateral root development as shown in studies by Zhang and Forde (2000). It 
has been shown that nitrite, the reduced product of nitrate, can be inhibitory and toxic to 
the growth of many crop plants such as barley and maize (Lee, 1979). Nitrite is usually 
formed during denitrification, a process, which characteristically takes place in poorly 
aerated soils (e.g., waterlogged soils) (Zsoldos et al., 1994, 1993). Bacteria such as 
Azospirillum, Bradyrhizobium and many pseudomonads are known to contribute to the 
denitrification in soils in the presence of nitrate (Zumft, 1997). In rice growth assays 
using different sources of nitrogen, the inhibition phenomenon by strain ANU843 was 
more pronounced when nitrate was the only source of nitrogen in the NF medium. The 
presence of inhibitory rhizobia in liquid F1 0 medium may modify the medium, by 
producing nitrite to a level, which may be toxic to the rice growth. 
3.6.2 Plasmid-associated inhibition phenomenon in Rhizobium-rice interaction is 
linked to the pattern of root growth and development 
In the growth studies, all inhibitory strains affected root development, forming short 
lateral roots and lower root and shoot dry mass. Studies by Perrine et al. (2001) 
demonstrated also that all stimulatory or strains which did not inhibit growth such as R4 
and CFNS309 (pe-), stimulated the formation of a higher number of lateral roots per 
plants. These studies also showed that such strains had higher shoot and root dry mass 
compared with inhibitory strains and uninoculated control plants and displayed a normal 
pattern of root development (Figure 3.4). 
Previous bacterial colonisation studies by Prayitno et al. (1999) found that the 
stimulatory strain R. leguminosarum bv. trifolii R4(gfiJ) formed long lines of GFP-
labelled bacteria within the intercellular spaces of lateral roots, called intercellular long 
lines (ILLs). This was also observed in colonisation studies with strain R4(W) at 7 and 
21 d. Furthermore, Prayitno et al. (1999) demonstrated that 31% ofR4(gfp) inoculated 
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rice seedlings contained ILLs. In contrast, the inhibitory strains ANU843(gf.p) and 
E4(gjp) which formed short lateral roots in rice seedlings (Figure 3.18), were shown to 
colonise the surface grooves on main and lateral roots, at lateral root junctions (LRJs) 
and on root tips. They were also found to form shorter intercellular lines of GFP-
labelled bacteria similarly observed by Prayitno et al. ( 1999), which was found in 21% 
of seedlings. Removal of at least 4 plasmids of Rhizobium strain ANU843 such as 
CFNS8(pb), CFNS 152(pc), CFNS9023(pd), CFNS309(pe·) affected root development 
where plants displayed a normal pattern of root development similar to control plants 
(Figure 3.3). In addition, Perrine et al (2001) found no evidence that removal of 
plasmids from Rhizobium strain ANU843 affected the presence of intercellular 
colonisation, but it was observed that strain CNFS152(pc·, gfp) was able to make ILLs 
(data not shown) similar to strain R4(gf.p) in rice roots and displayed a normal pattern of 
root growth and development. 
Therefore it is hypothesised that the formation of ILLs by R4(gf.p) and strain 
CFNS152(pc·, gf.p) may be partly a consequence of elongation of lateral root formation 
and the strains themselves (Figure 3 .19) as the two strains either stimulated or did not 
impede lateral root growth. 
The presence of rhizobia in liquid FlO medium stunted the growth of the lateral roots 
and hence inhibited the growth of rice plants. Thus the formation of short lateral roots 
may affect the colonisation pattern of GFP-labelled bacteria in rice root tissue by 
inhibiting the formation of ILLs observed with R4(gfp) and ANU843 plasmid-cured 
derivatives. High concentrations of nitrate, IAA, NAA and BAP mimicked the 
formation of short lateral roots and the inhibition of rice growth observed with rice 
seedlings inoculated with inhibitory rhizobia. All compounds used have been linked 
with auxin by contributing to the auxin signalling pathway controlling lateral root 
formation in plants (Caba et al., 1998; Zhang et al., 1999; Davies, 1995). Auxin is 
known to cause physiological changes to the cell structure of roots by radial 
enlargement of cortical cells in the expanding zone thus retarding the longitudinal 
growth of roots (Chadwick and Burg, 1966). This swelling may constrict the 
intercellular spaces and cause compaction of plant cells, which may be a physical 
barrier to invading bacteria. 
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3.6.3 Infection of rice roots via root hairs 
Evidence suggests that the first point of infection by GFP-labelled R. leguminosarum 
bv. trifolii strains ANU843, R4 and E4 is via root hairs located near emerging lateral 
roots after 48 h inoculation. No epidermal cells or root hairs of rice roots were found to 
contain any GFP-labelled bacteria prior to 48 h. The presence of a curled root hair in 
rice seedlings inoculated with R4(gfp) suggests that some of the signalling pathway 
involved in nodule formation in legumes may still be present in rice. In fact, some 
studies have shown that some of the signalling pathway involved in nodulation such as 
ENOD genes are present in rice (Reddy et al., 1999). Plazinski et al. (1985) were able to 
induce root hair curling in maize and rice plants by the transfer of the R. trifolii root hair 
curling (HAC) genes in pSym plasmid-cured derivatives of R. leguminosarum bv. 
trifolii ANU843. This is quite interesting, as strain R4 is a Rhizobium strain that was 
observed to cause root hair curling and formed white nodules only under rice growing 
conditions. 
The movement of Rhizobium strain R4(gfp) towards at the emerging lateral roots and 
root tips of rice seedlings suggested the release of chemotactic compounds such as 
flavonoids. Flavonoids and plant exudates have been known to stimulate genes involved 
in chemotaxis in Rhizobium (Caetano-Anolles et al., 1988). Furthermore, non-legume, 
Parasponia, and actinorhizal plants (eg., Casuarina and Alnus spp.) nodules can 
originate from lateral roots (Hirsch and LaRue, 1997). In legumes, nodules have also 
been shown to associate with lateral roots in the mature root zone (Nutman, 1948, 
1953). Mathesius et al. (2000b) demonstrated that rhizobia induce nodules by invading 
mature cortical cells activated during lateral root development. Therefore the infection 
of rhizobia at emerging lateral roots may be of importance in non-legumes such as rice. 
Another feature of rice root hairs containing GFP-labelled bacteria (ANU843(gfp) 
and R4(gfj:J)) is the presence of structures similar to infection threads observed with 
ANU843(gfP) and ANU794(gfp) inoculated berseem clover. However, the GFP-labelled 
bacteria in infection threads inside root hairs of berseem clover were confined to the 
infection threads until they reached the nodule primordium (Figure 3.18). In rice roots, 
the whole root hairs were infected with GFP-labelled ANU843 ofR4. One possibility is 
that in the case of ANU843(gfP) and R4(gfp), the bacteria may attempt to form infection 
inside rice roots, but such structures are incomplete allowing the GFP-labelled bacteria 
to escape and invade the whole root hair. Root hairs in the mature root zone of clover 
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can be responsive to rhizobia and could support infection thread formation (Mathesius 
et al., 2000b). However, it is speculated that the reason for nodulation failure in mature 
root is the deficiency in the signal transduction (Mathesius et al., 2000b ). 
It was observed that some of the infected root hairs were spreading into the 
intercellular spaces of the root tissues leading to the formation of short or long 
intercellular lines of GFP-labelled bacteria (Figure 3.17). Some more work needs to be 
done to investigate further if Rhizobium can infect rice plants via root hairs. These 
studies suggest that some strains may have the ability to infect rice root tissues via root 
hairs located at emerging lateral roots. These studies also show that the use of GFP as a 
visual marker was useful to study the early infection process of Rhizobium in non-
legumes. 
3.6.4 Role of inhibitory genes in rice growth inhibition in Rhizobium: Importance 
of Sinorhizobium meliloti Sm1021 
The inhibition ofrice growth by strainANU843, ANU794 and TAl could be abated 
by the addition of the bacteriostatic antibiotic, tetracycline (2 J.lgmL-1) (Figure 3.15). 
Strain R4 in the presence and absence of tetracycline did not inhibit rice growth. 
Tetracycline inhibits bacterial growth by inhibiting protein synthesis. By streaking 
aliquots of plant medium on BMM without tetracycline, it was found that the inhibiting 
rhizobia were present in the medium, suggesting that the viability and the ability to 
synthesise proteins is essential for bacterial growth. It also suggests that the inhibitory 
phenomenon, observed in rice plants inoculated with inhibitory strains of rhizobia, is 
linked to protein synthesis. Therefore, there is a genetic basis to the inhibition and/or 
stimulation of rice growth, which is determined by plasmid-located genes in Rhizobium. 
Sinorhizobium meliloti strain Sml 021 also inhibited the growth of rice plants and in the 
presence of tetracycline, the inhibition of rice growth was partially abated. This 
observation of rice growth inhibition by S. meliloti Sm1021 suggests that this 
phenomenon is common among species in the Rhizobiaceae family. S. meliloti 1021 has 
been sequenced and many studies involving mutagenesis have been done to understand 
its interaction with its legume host Medicago spp. 
The next chapter will demonstrate using Tn5 plasmid-cured and deleted derivatives 
of S. meliloti 1021, how plasmid-associated genes are involved in the Rhizobium-rice 
58 
interaction. With the help of sequence of S. meliloti 1021, I will present and identify key 
genes involved in the Rhizobium inhibition of rice growth. 
59 
Chapter 3: The inhibition or stimulation of rice growth and development 
60 
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Figure 3.1 Schematic diagram of the glass slide assay. 
The coverslip (C) was held to the glass slide (B) by a silicon sealant. The rice seedling (A} was placed in between the glass slide and the coverslip. 
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Figure 3 .2 Schematic representation of Rice grown in a Magenta jar with a dialysis tube. 
A . Sealing clamp; B. Magenta jar; C. Rice seedling; D. Perforated platform holding the rice 
seedlings and dialysis tube above the liquid F1 0 medium; E. Lid 


Figure 3.3. Developmental map of rice seedlings cv. Pelde grown in liquid 
NF medium containing 10 mM KN03• (A) Uninoculated rice seedlings 
(n=54) grown in Magenta jars were observed over 21 d to derive an average 
developmental map. Plants were inoculated with Rhizobium strains, or 
treated with IAA, NAA, AVO, ACC and BAP at various concentrations, 
and were compared with the observed development map of rice (bars show 
pattern of rice development); (B), (C), (D) and (E) show the root 
morphology of the first main root of rice seedlings cv. Pelde; (B) the root 
morphology of uninoculated rice seedlings at 21 d; (C) the root morphology 
of rice seedlings inoculated with Rhizobium leguminosarum bv. trifolii 
strain ANU843 at 21 d; (D) the root morphology of rice seedlings treated 
with IAA (1x10-6 M) at 7 d; (E) the root morphology of rice seedlings 
inoculated with R. leguminosarum bv. trifolii strain R4 at 21 d. Bars= 1mm 
(C and D); 1 em (B and E). 
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Figure 3.4 Plasmid gel profiles of rhizobia 
(A) Rhizobium leguminosarum bv. trifolii strain ANU843 and its plasmid-
cured derivative CFNS6140 (pa-,pc), rice endophyte E4 and rice 
rhizosphere isolate strain R4; (B) Agrobacterium tumefaciens C58 and its 
plasmid free derivative UBAPF2, and R. leguminosarum bv. trifolii strain 
W14-2 and its plasmid-cured derivatives; (C) R. leguminosarum bv. viciae 
VF39SM and its plasmid-cured derivatives; (a), (b), (c), (d), (e) and (f) 
denote plasmid numbers. 
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Figure 3.5 Effect of Rhizobium leguminosarum bv. trifolii strains ANU843 
and its plasmid-cured derivatives on the growth of rice seedling cv. Pelde 14 
d after inoculation in liquid FlO medium. (A) Plants were inoculated with R. 
leguminosarum bv. trifolii strain ANU843, ANU843, CFNS52 (Symbiosis 
plasmid, pa), CFNS8 (pb-), CFNS152 (pc-), CNFS9023 (pd-), CFNS309 
(pe) grown in liquid FlO medium; (B) Growth of roots and shoots were 
assessed after 14 d in liquid NFM containing 10 mM KN03 (n= 227) (C) 
Mean values from Table 3.2 were used to create line graphs as in section 
2.7; Bars indicate the LSD for the log (dry mass)(mg) of root and shoot at 
the 95% level (P=0.05). 
-B Table 3.2 Quantification o f root and shoot dry mass of strain ANlJ843 
and its plasmid-cured derivatives at 14 dafter inoculation 
c 
T he p lants were g rown in F I 0 in Mage nta jars. Log values are means of 
three independe nt experime nts in two b locks h aving a tota l of227 plants. 
SED for log( root) mass 0 . 18 13 a nd log( sh oot mass}= 0.1634 at P < O.OO I 
Treatments were randomly assigned in each b lock . Values in the columns 
were used to plot the line graphs sh own be low in (C) and (D). 
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Figure 3.6 Effect of Rhizobium leguminosarum bv. trifolii strains ANU843 
and its plasmid-cured derivatives on the growth of rice seedling cv. Pelde 14 
dafter inoculation in liquid FlO medium. (A) Plants were inoculated with R. 
leguminosarum bv. trifolii strain ANU843, ANU843, CFNS52 (Symbiosis 
plasmid, pa-), CFNS8 (pb-), CFNS152 (pc-), CNFS9023 (pd-), CFNS309 
(pe-) and strain R4 grown in liquid FlO medium; (B) and (C)Growth of roots 
and shoots were assessed after 21 din liquid NFM containing 10 mM KN03 
(n=83). Bars indicate the LSD for the log (dry mass) of root and shoot at the 
95% level. 
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Figure 3.7 Effect of Rhizobium leguminosarum bv. trifolii strains ANU843 
and its plasmid-cured derivatives on the growth of rice seedling cv. Pelde 14 
d after inoculation in liquid FlO medium. (A) Plants were inoculated with R. 
leguminosarum bv. trifolii strain ANU843, ANU860 (pa-, pb), CFNS6140 
(pa-, pc-) grown in liquid FlO medium; (B) Growth of shoots were assessed 
after 14 d in liquid NFM containing 10 mM KN03 (n=93); (C) and (D) 
Effect of Rhizobium leguminosarum bv. trifolii strains ANU843 and its 
plasmid-cured derivatives and the ethylene inhibitor, AVG, on the growth of 
rice seedling cv. Pelde 14 d and 21 dafter inoculation in liquid FlO medium 
(n=95, 89). Plants were inoculated with R. leguminosarum bv. trifolii strain 
ANU843, ANU843, CFNS52 (pa-), CFNS8 (pb-), CFNS152 (pc), 
CNFS9023 (pd), CFNS309 (pe) and treated with lxl0-6 M AVG 
respectively. Growth of shoots was assessed at 14 d and at 21 d in liquid 
NFM containing 10 mM KN03. Bars indicate the LSD for the log (dry 
mass) of root and shoot at the 95% level. 
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Figure 3.8 Effect of Rhizobium leguminosarum bv. trifolii strain W14-2 and 
its plasmid-cured derivatives on the growth of rice seedlings 14 d after 
inoculation in liquid FlO medium. (A) Plants were inoculated with R. 
leguminosarum bv. trifolii strain ANU843, W14-2 (wild-type) , W14-2 pb 
only and W14-2 pc only derivatives; (B) Plants inoculated with R. 
leguminosarum bv. trifolii strains ANU843 , W14-2 plasmid free and W14-
2 pa only derivatives; (C) and (D) Growth of roots and shoots were assessed 
after 21 din liquid NFM containing 10 mM KN03 (n=90). Bars indicate the 
LSD for the log (dry mass) of root and shoot at the 95% level. 
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Figure 3.9 Effect of Rhizobium leguminosarum bv. viciae strain VF39Sm 
and its plasmid-cured derivatives on the growth of rice seedlings 21 dafter 
inoculation in liquid FlO medium. (A) Plants were inoculated with R. 
leguminosarum bv. trifolii strain ANU843, and R. leguminosarum bv. viciae 
VF39Sm (wild-type) , LRS39201 (pb-), LRS39301 (pc-), LRS39401 (pd-), 
LRS39501 (pe-), LRS39601 (pf), LRS393401 (pc-, pd) ; (B) and (C) 
Growth of roots and shoots were assessed after 21 d in liquid NFM 
containing 10 mM KN03 (n=199). Bars indicate the LSD for the log (dry 
mass) of root and shoot at the 95% level. 
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Figure 3.10 Effect of rhizobia on the growth of rice seedlings 21 d after 
inoculation in liquid FlO medium. (A) Plants were inoculated with 
Rhizobium leguminosarum bv. trifolii strain ANU843, strain ANU794 and 
its Tn5 mutants ANU7941, W72, W78, W710 and ANU7493; (B) Growth 
of shoots was assessed after 21 din liquid NFM containing 10 mM KN03 
(n=95); Plants were inoculated with R. leguminosarum bv. trifolii strain 
ANU843, Agrobacterium C58 and its plasmid-free mutant UBAPF2; and 
(C) Growth of shoots was assessed at 21 din liquid NFM containing 10 mM 
KN03 (n=47). Bars indicate the LSD for the log (dry mass) of shoot at the 
95% level (P=0.05). 
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Figure 3.11 Effect of auxin on the growth of rice seedlings 14 d after 
inoculation in liquid FlO medium. (A) Plants were inoculated with 
Rhizobium leguminosarum bv. trifolii strain ANU843 (gfp ), and treated with 
lxl0-6 and lxl0-8 M NAA respectively; (B) and (C) Growth of shoots and 
roots were assessed after 14 d in liquid NFM containing 10 mM KN03 
(n=70). Bars indicate the LSD for the log (dry mass) of shoot and root at the 
95% level (P=0.05). 
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Figure 3.12 Effect of cytokinin on the rice root morphology after 21 d in 
liquid FlO medium. (A) Control plant; (B) Rice seedling treated with lxl0-5 
M BAP; (C) Rice seedling treated with lxl0-6 M BAP; (D) Rice seedling 
treated with lxl0-7 M BAP; (E) Rice seedling treated with lxl0-8 M BAP. 
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Figure 3.13 Effect of nitrate at high concentrations on the growth of rice 
seedlings 21 d after inoculation in liquid FlO medium. (A) Plants were 
inoculated with Rhizobium leguminosarum bv. trifolii strain ANU843(gfp) 
and grown in NF liquid medium supplemented with 10 rnM, 50rnM and 100 
rnM KN03; (B) and (C) Growth of roots and shoots were assessed at 21 din 
liquid NFM containing 10 rnM, 50rnM and 100 rnM KN03 (n=95). Bars 
indicate the LSD for the log (dry mass) of root and shoot at the 95% level 
(P=0.05). 
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Figure 3.14 Effect of bacterial inoculation on the growth of rice seedlings 
cv. Pelde in different plant growth liquid medium (A) Plants were 
inoculated with Rhizobium leguminosarum bv. trifolii strain ANU843 and 
its plasmid-cured derivatives CFNS52 (pa-), CFNS8 (pb-), CFNS152 (pc-), 
CNFS9023 (pd-), CFNS309 (pe-) and strain R4 grown in Hoagland's 
medium 21 dafter inoculation; (B) and (D) Growth of shoots and roots were 
assessed after 21 din Hoagland's medium 21 d (n=94); (C) and (E) Growth 
of shoots and roots were assessed after 21 d in NF liquid medium 
suplemented with 10 rnM KCl, 10 rnM NH4Cl, 10 rnM KN03 and 10 rnM 
N&N03 (n=70). Bars indicate the LSD for the log (dry mass) of root and 
shoot at the 95% level (P=0.05). 
B 
, 0 ,_., 20 25 30 3 . 5 4 . 0 4 5 
9!5% LSD (0.28) ~ 
c ! ~ ! ~ ! }) a ss ss "" ~ """" ;;: II I I II 
, 0 , 5 20 21> 30 3 .1> 4 .0 45 
95% LSD (0. !52) 
D 
! f;f !f <.> Ill~ II 
, _o , 5 2 . 0 21> 3.0 3 .5 4 .0 4 .1> 
log( root dry m•••> (mg) 
95% LSD ( 0 . 52) 
E 1!/ ~ ~ ~ ~ IJ~jj~ ~ 
;;: IIIII I 1 
, 0 , .. 20 21> 30 3 . 5 40 4 1> 
tog(root dry mesa) (mg) 
95°A. L SD (0.59) 
I 
! 

Figure 3.15 Effect of tetracycline on bacterial inoculation and the growth of 
rice seedlings cv. Pelde FlO liquid medium (A) Plants were inoculated with 
Rhizobium leguminosarum bv. trifolii strain ANU843 and treated with UV 
or tetracycline (2 ~-tgmL-1 ); (B) Plants were inoculated with Rhizobium 
leguminosarum bv. trifolii strain TAl, ANU794 and R4, and Sino rhizobium 
meliloti strain 1021 in the presence of tetracycline (2 ~-tgmL-1 ). 



Figure 3.16 Effect of bacterial inoculation and high concentration of nitrate 
and NAA (auxin) on the growth and development of lateral roots on the 
main root of rice seedlings cv. Pelde. Plants were assessed 14 or 21 dafter 
inoculation. (A)Uninoculated and grown in FlO medium; (B) Inoculated 
with ANU843 and grown in FlO medium; (C) Inoculated with ANU794 and 
grown in FlO medium; (D) Inoculated with C58 and grown in FlO medium; 
(E) Inoculated withVF39SM and grown in FlO medium; (F) Inoculated with 
LRS39401 and grown in FlO medium; (G) Inoculated with LRS39501 and 
grown in FlO medium; (H) Secondary laterals, uninoculated rice plants 
grown in FlO medium; (I) secondary laterals, inoculated with UBAPF2 and 
grown in FlO medium; (J) Secondary laterals, inoculated with LRS39201 
and grown in FlO medium; (K) Uninoculated in FlO containing lx 10-6M 
NAA; (L) Uninoculated in FlO containing lxl0-8 M NAA; (M) 
Uninoculated in NFM containing 100 mM KN03; (N) Uninoculated in 
NFM containing 50 mM KN03. Bars= lmm. 



Figure 3.17 Infection and colonisation of rice root tissues of cv. Pelde by 
GFP-labelled bacteria grown in liquid NFM containing 10 mM KN03. (A) 
Uninoculated rice seedlings (n= 48) grown in glass slides were observed 
over 7 d to derive a normal developmental map; (B) The infection and 
colonisation of rice roots by GFP-labelled Rhizobium strain R4 over 7 d; (C) 
The infection and colonisation of rice roots by GFP-labelled Rhizobium 
strain ANU843 and E4; (a), (b), (c) and (d) Rice root hairs infected with 
R4(gfp) between 3 to 5 d; (e) Intercellular long line of R4(gfp) in a lateral 
root at 5 d; (t) Rice root hairs infected with ANU843(gfp) at 4 d; (g) Rice 
root hairs infected with ANU843(gfp) at 5 d; (h) and (i) Intercellular lines of 
ANU843(gfp) in rice lateral roots; 
Bars (a, b, c, d, f, g)= 10 Jlm and (e, h, i) Bars= 150 Jlm. 
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Figure 3.18 Summary of the infection and colonisation of berseem clover 
and rice roots by GFP-labelled bacteria; (A) Infection and nodule formation 
by GFP-labelled rhizobia in berseem clover under clover growing 
conditions; (B) Uninoculated berseem clover; (C) Infection and nodule 
formation by GFP-labelled strain R4 under clover and rice growing 
conditions; (1) Infection of root hair by GFP-labelled rhizobia; (2) 
Development of nodule primordium due to Nod factors; (3) Colonisation of 
nodule primordium by rhizobia; (D) Infection by GFP-labelled rhizobia in 
rice plants; (1) Entry via crack entry or structures resembling infection 
threads in rice root hair near emerging lateral roots?; (2) and (3) infection 
and colonisation of rice root tissues and the inhibition of rice root growth 
and development by inhibitory strains ANU843 and E4; (4) and (5) 
Infection and colonization of rice root tissues by non-inhibitory strain R4; 
(a), (b) and (c) infection thread and root hair curling in berseem clover by 
E4(gfp); (d) and (e) nodule structure under fluorescent and light microscopy 
by E4(gfp); (f) nodule by E4(gfp); (g) no nodule ; (h) no nodule by R4(gfp) 
under clover growing conditions; (i) white nodule on berseem clover by 
R4(gfp); U) R4(gfp) cells outside nodule primordium (white arrow); (k) rice 
root hair infected with ANU843(gfp) at lateral root junction; (1) same rice 
root hair in (k) under light microscopy infection thread-like structure in rice 
root hair by ANU843(gfp) (black arrow); (m) formation of short lateral roots 
by rice plants treated with E4(gfp) at 14 d; (n) and (o) curled rice root hair 
with infection thread-like structure by strain R4(gfp) 3 d after inoculation 
(black arrows); (q) rice root hair infected by R4(gfp) 3 d after inoculation 
(white arrow); (p) same rice root hair in (q) under light microscopy showing 
in infection thread-like structure (black arrow); 
Bars (a, b, c, 1, o, p) = 10-20 J.!m ; Bars (d, e, m) =150 J.!m;Bars(f, g, h, 
i)=1mm. 
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Figure 3.19 Schematic diagram of the interaction of rhizobia with rice. (A) 
The complex interaction between Rhizobium, the rice seedling and the plant 
medium; (B) Proposed event of intercellular colonisation of GFP-labelled 
bacteria (grey) in rice roots (cv. Pelde): is the formation of intercellular long 
lines (ILLs) or lateral root junctions (LRJs) a consequence of lateral root 
formation? (A) Surface colonisation of rice roots by GFP-labelled rhizobia; 
(B) GFP-labelled rhizobia colonising and invading the LRJs; (C) GFP-
labelled bacteria such as strain ANU843(gfp) and E4(gfp) remain at LRJs; 
(D) Intercellular colonisation of GFP-labelled rhizobia in the rice root 
tissue; (E) Formation ofiLLs by non-inhibitory GFP-labelled strains such as 
R4(gfp) in the lateral root of rice. (l)Entry by GFP-labelled bacteria into 
rice root tissue via lateral crack entry or killing of adjacent epidermal cells 
or root hair of emerging lateral root; (2) GFP-labelled inhibitory strains 
ANU843(gfp) and E4(gfp) cannot invade the lateral root tissue and colonise 
the intercellular space and form ILLs because of the stunted growth of 
lateral root; (3) Intercellular colonisation of rice roots by non-inhibitory 
GFP-labelled strains. Intercellular colonisation can also occur with 
inhibitory strains but most GFP-labelled inhibitory strains were observed in 
(C); (4) Elongation of the lateral root in the presence of non-inhibitory GFP-
labelled bacteria. Bacteria are able to colonise the intercellular spaces of the 
growing lateral root hence forming ILLs such as with strain R4(gfp) and 
CFNS152(pc-, gfp). 
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CHAPTER4 
EFFECT OF THE MODEL MICRO-SYMBIONT SINORHIZOBIUM MEL/LOTI 
1021 ON RICE SEEDLING GROWTH 
Plasmid-associated genes related to phytohormone IAA and nitrate in S. meliloti 
1021 affect the growth of rice seedling cv. Pelde and cv. Calrose 
4.1 Abstract 
Sino rhizobium meliloti wild-type strains Sml 021 and Rm20 11 and plasmid-cured and 
deleted derivatives were characterized by their ability to nodulate Medicago truncatula cv. 
Sativa and by their plasmid profiles. Wild-type strains S. meliloti Sml021 and Rm2011 
nodulated M. truncatula. All pSymA deleted and cured mutants of S. meliloti Rm 2011, except 
for SmA225, did not nodulate M. truncatula. All pSymB deleted mutants of S. meliloti Rm2011 
nodulated M. truncatula. 
In rice growth assays using cv. Pelde, S. meliloti wild-type strains Sml021 and Rm2011 
inhibited seedling growth in liquid FlO medium by affecting rice lateral root development and 
stunting shoot growth at 21 d. Inhibition phenomenon by wild-type strains Sm1021 and 
Rm2011 was similar to that observed on rice seedlings inoculated with Rhizobium strain 
ANU843. 
None of the pSymA mutants, strains SmA.818, SmA146, SmA845, SmA838, SmA144, 
SmA225 inhibited rice growth at 21 d in Fl 0 liquid medium. All plants inoculated with pSymA 
deleted and cured derivatives had similar patterns of root morphology to that of the control rice. 
The pSymB deleted derivatives ofRm2011 strains G270, G271 and G277 inhibited the growth 
of rice seedlings inducing the formation short lateral roots. The extent of rice growth inhibition 
observed with pSymB deleted G270, G271 and G277 was less than seen in wild-type treated 
rice seedlings cv. Pel de grown in Fl 0 medium. The pSymB deleted derivative RmF909 
inhibited rice growth in a similar pattern to its wild-type strain Sm1021. The same pattern of 
rice growth was observed on the 0. sativa cv. Calrose. 
By the use of gtp-labelling, it was shown that S. meliloti 1021 and pSymA deleted 
derivatives, SmA838, SmA225, SmA146 and SmA845 and the pSymA-cured derivative 
Sm.A.818 intimately associated with and colonised rice root tissues at 14 d. The wild-type strain 
1021 and GFP-labelled pSymA-cured and deleted derivatives infected root tissues at the lateral 
junctions and in the intercellular spaces of rice roots cv. Pelde. Some strains, SmA818(gfp) and 
SmA838(gfp) and SmA225(gtp), infected the intercellular spaces of rice roots forming long 
intercellular lines of bacteria. Escherichia coli strain ANUI 073 did not inhibit rice growth in 
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FlO liquid medium. Another E.coli DH5apHC60 (encoding the gfp plasmid) did not inhibit 
growth of rice seedlings and infected rice root tissues at 21 d suggesting that the inhibition 
phenomenon might be Rhizobiaceae-specifi.c. 
Dilution experiments were done to determine the minimum required cell numbers of the 
inhibitory strain Sml021 for successful rice inoculation. One Colony Forming Unit of Sml021 
(CFU = one cell) still inhibited rice growth. Assays were done on rice seedlings cv. Pelde in 
liquid FlO medium, to investigate if Sml021 could still inhibit rice seedling growth in 
competition with its non-inhibitory strain SmA818(gfp) and SmA146(gfp) respectively. In the 
presence of 105 cells of the non-inhibitory strains SmA818(gfp) and SmA146(gfp), the 
inhibition phenomenon of Sml021 was dominant. Furthermore, the wild-type strain 1021 
inhibited the growth of its pSymA-cured strain SmA818(gfp) and its pSymA deleted strain 
SmA146 (gfp). This suggests that the killing of SmA818(gfp) and SmA146(gfp) is medium 
dependent. The production of bacteriocin seemed to be pSymA-associated and may have been 
responsible for the killing of SmA818(gfp ), but not SmA146(gfp) by the wild-type strain 
Sml021. 
The addition of agar in liquid FlO medium at various concentrations affected the inhibition 
phenomenon of strains Sml021 and its Sml02l(gfp). At 0.4% (w/v), agar in the FlO medium 
abated the inhibition of rice seedlings cv. Pelde by Sm1021 and Sm1021(gfp). There was no 
inhibition of rice growth in Magenta jars containing 0.4% to 1.2% (w/v) agar in FlO medium. 
Sml02l(gfp) cells were found on the surface and inside rice roots and in the medium of rice 
plants grown on 0% to 0.6% (w/v) agar suggesting that the loss of rice growth inhibition was 
not due to loss of viability of the inhibitory strain Sml021 nor the inability of the bacteria to 
associate with the rice roots. Furthermore, the presence of agar did not block lateral root 
formation, a major feature of inhibitory Sml 021-inoculated rice seedlings cv. Pelde. 
The form of nitrogen affected the inhibitory effect of S. meliloti Sm1021. The inhibition 
phenomenon of Sml021 was observed in NF liquid medium where nitrate was the only source 
of nitrogen. The inhibition of rice growth by Sml021 was abated in the presence of 10 mM 
~Cl, 1 OmM ~N03 and 1 OmM (~)2S04. 
It seems that pSymA-associated genes, linked to IAA synthesis or nitrate metabolism, are 
involved in the inhibition of rice seedling growth by Sm1021 (Rm2011). Two models are 
presented: (a) that the pSymA is the only plasmid involved in the inhibition of rice growth by 
Sml021 as all pSymA cured and deleted mutants had no effect on rice growth; (b) that it is a 
complex interaction between pSymA and pSymB causing Sm1021 rice growth inhibition. Some 
pSymB deleted mutants, G270, G271 and G277, inhibited rice growth but to a lesser extent 
compared to that of their wild-type Sm1021 (Rm2011). 
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4.2 Introduction 
S. meliloti I 02I elicits the development of nodules on legumes such as alfalfa. Its 
genome consists of a 3.7 Mb chromosome and two megaplasmids, pSymA (1.4Mb) and 
pSymB (1.7Mb) (Buckardt et al., I987). All three replicons of S. meliloti I02I have 
been sequenced (Capela et al., 2001; Barnett et al., 200I; Finan et al., 2001) and its 
sequence database is available (http://seguence.toulouse.inra.fr/meliioti.html). 
The megaplasmid pSymA contains genes including the nod, no!, noe and nifandfix 
genes within a 275 Kb region required for the formation of nitrogen-fixing nodules on 
its legume host (Capela et al., 200I). Other genes located on the pSymA megaplasmid 
are involved in nitrogen metabolism, opine metabolism and the utilization of various 
carbon sources (Capela et al., 2001). Work by Oresnik et al (2000) demonstrated that 
the closely related strain, Rm2011, cured of its pSymA was defective in the utilization 
of certain carbon sources. Furthermore, the pSymA deleted strain of Rm20II was not 
affected in growth either in rich or minimal-succinate media and the megaplasmid was 
not required for viability (Oresnik et al., 2000). 
The megaplasmid pSymB encoded a large number of solute transport systems and 
genes involved in EPS and lipopolysaccharide (LPS) biosynthesis (Capela et al., 2001). 
The sequence analysis by Capela et al. (2001) found genes involved in the biosynthesis 
and the catabolism of amino acids or compounds, which might be found in a soil 
environment. The pSymB does not play a direct role in nodulation and nitrogen 
fixation. However, it does play an important role in adaptation to the endosymbiotic 
lifestyle and in the survival of the bacterium under diverse nutritional living conditions 
encountered in the soil and rhizosphere (Capela et al., 2001; Luyten and Vanderleyden, 
2000). Furthermore, genes essential for the growth of the bacteria have also been 
identified in pSymB such as the only genomic copy of the transfer RNA gene, Arg_tRNA 
ceo and the minDCE gene (Capela et al., 2001). 
Prior to the sequencing effort, genetic and biochemical studies, on S. meliloti I 021 
and its closely related strain Rm2011, used transposon mutagenesis and other DNA 
manipulating techniques to create genetic maps to help in identifying and understanding 
the functions of various genes in the development of nitrogen-fixing root nodules in 
legumes. 
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4.3 Aim of this chapter 
I will demonstrate for the first time the ability of S. meliloti to intimately associate 
with rice root tissues. Then I will examine plasmid borne DNA regions for a possible rle 
in the Rhizobium-rice interaction using the model micro symbiont S. meliloti 1021 as a 
model. With the use of the S. meliloti 1 021 genome and genetics, I will investigate the 
role of megaplasmids in the inhibition of rice growth by S. meliloti 1 021. Also I will 
investigate how the interaction of S. meliloti 1021 with rice plants can be affected by the 
addition of agar, by competition with mutant strains and by different sources of nitrogen 
in the plant growth media. The discussion will present the hypothesis that genes, related 
to IAA and/or nitrate, are plasmid-associated. 
4.4.Materials and Methods 
4.4.1 Bacterial strains 
Routine sub-culturing of rhizobia was done on BMM plates at 28°C. Antibiotics were 
incorporated into plates whenever rhizobia and E.coli strains carried a marker (as 
section2.4.1). 
S. meliloti Rm2011 was originally designated SU47 and is the streptomycin-sensitive 
parent of strain Sm1021 (Meade et al., 1982; Caetano-Anolles et al., 1988). 
Table 4.1 Bacterial strains used in this study 
Strain Characteristics 
Rhizobium leguminosarum biovar trifolii strains 
ANU843 Wild type, Nod+ Fix+ on clover 
Sinorhizobium meliloti 
Sm2011 
Sm1021 
SmA818 
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Phototrophic symbiotically effective S. meliloti 
SU47, wild type, Nod\ Fix+ on alfalfa 
Spontaneous streptomycin-resistant derivative of S. 
meliloti SU47, wild type, Nod+, Fix+ on alfalfa 
2011 pRm2011a cured, Nod·, Fix· 
Reference/Source 
Rolfe et al. 1980 
J. Denarie 
Meade et al. 1982 
Oresnik et al. 2000 
Table 4.1 continued 
Sinorhizobium meliloti 
SmA146 
SmA144 
SmA225 
SmA838 
SmA845 
G270 
G271 
G277 
RmF909 
MGlO 
PM2238 
PM2168 
PM2126 
PM2129 
Escherichia coli 
HB101 
2011 carrying a 750-kb deletion in pRm2011a, Nod-, 
Fix-
2011 carrying a 650-kb deletion in pRm2011a, Nod-, 
Fix-
2011 carrying a 500-kb deletion in pRm2011a 
2011 carrying a 850-kb deletion in pRm2011a, Nod-, 
Fix-
2011 carrying a 850-kb deletion in pRm2011a, Nod-, 
Fix-
pRmeSU47b deletion derivative, .6.!15033-
5007::Tn5-233 .6.!15085-5047::Tn5-Tp, Gm-Sp' Tp' 
pRmeSU47b deletion derivative, .6.!15033-5007::Tn5 
.6..Q5149-5079::Tn5-233 .6.!15085-5047::Tn5-Tp, Nm' 
Gm-Sp'Tp' 
pRmeSU47b deletion derivative, .6..Q 5020-
50ll::Tn5-oriT .6..Q 5149-5079::Tn5-233 .6..Q 5085-
5047::Tn5-Tp, Nm' Gm'-Sp' Tp' 
pRmeSU47b deletion derivative, .6.!1 5085-
5047::Tn5, Nm' Gm8-Sp8 
S.meliloti 1021 pLAFR3::aiiA , Tc' Sm 
S.meliloti wild-type L5-30 (pPHlJI) Gm 
S.meliloti Mos- Moe+, L5-30 (Mos::Tn5,pPH1JI) 
Km,Gm' 
S.meliloti neutral mutant Mos+ Moe+, L5-30 (Tn5, 
pPHlJI) 
S.meliloti Mos+ Moe-, L5-30 (Moc::Tn5, pPHlJI) 
KmGm' 
Rif, F, hsdS20 (r-, m-), Ara-14, proA2, galKZ, 
7psL20, xyl-5, mtl-l, supE44, !acYl, recAl3, /...-
Oresnik et al. 2000 
Hynes (unpublished) 
Hynes (unpublished) 
Yost and Hynes 
(unpublished) 
Yost and Hynes 
(unpublished) 
Charles and Finan 
1991 
Charles and Finan 
1991 
Charles and Finan 
1991 
Charles and Finan 
1991 
Teplinski and Bauer 
(unpublished) 
Gordon et al. 1996 
Gordon et al. 1996 
Gordon et al. 1996 
Murphy et al. 1987 
Chen 1987 
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Table 4.1 continued 
Inc Plasmids 
pHC60 
pTB93F 
pRK2013 
A spontaneous mutant of plasmid pHC41 carrying an 
insert that expresses GFP (GFP-S65T) and 
containing a RK2 stabilisation fragment; Tcr 
Plasmid pMB393 carrying an insert that expresses 
GFP (GFP-S65T), Spr Cmr 
HB101 derivative, helper plasmid for mobilisation 
into rhizobia, Kn{ 
Cheng and Walker 
1998 
Gage et al. 1996 
Ditta et al. 1980 
Nod+ =ability to nodulate, Nod-= inability to nodulate, Fix+= ability to fix nitrogen, 
Fix-= inability to fix nitrogen, aiiA = AHL (Acyl-homoserine lactone)- lactonase, ~ =defined 
deletions, n= transposon insertions 
4.4.2 Bacteriocin tests 
A. bacteriocin production was determined by the method of Hirsch (1979). Log 
phase bacterial cultures were used. Rhizobium cultures were stabbed into BMM plates 
using sterile toothpicks. Plates were stabbed up to 3 times. Bacteria were grown 
overnight at 29°C. Bacterial growth was removed using replica velvet and the bacteria 
were killed by exposure to chloroform vapour for 30 min. This was achieved by 
dispensing 3 to 5 mL of chloroform into a curved glass dish (lOcm diameter). Each 
plate was placed face down onto the rim of the glass dish. The plates were then removed 
and aired for 45 min. One mL of freshly grown Rhizobium, grown overnight at 29°C in 
BMM liquid medium, was mixed with 6mL of molten soft agar (0.6%/50°C), and 
poured over the surface of the plate. Cleared zones were visible after incubating the 
plates at 29°C for 24 to 36h. The bacteriocin types were classified in the same way as 
described by Hirsch (1979): small bacteriocin production was indicated by large zone of 
clearing (15 to 30mm) surrounding the test spot, medium bacteriocin production was 
indicated by an intermediate killing zone (5 to 10mm). 
B. The killing effect of S.meliloti 1021 on its plasmid cured strain SmA818 was 
tested by a competition assay in TA, and Bill with or without 10mM KN03 liquid 
medium. To distinguish the two strains, GFP-labelled SmA818 cells were used and non-
GFP labelled SmA818 was used as a positive control. Three day old colonies grown on 
T A and Bill plates were resuspended in sterile water and adjusted to an OD6oonm of 
about 0.1 and this gave a bacterial cell counts of between 107 -108 cells mL-1. One mL 
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was used to inoculate 1 OOmL of fresh liquid medium in 250mL flasks. Then the flasks 
were shaken at 200rpm at 29°C. Each treatment was repeated twice and the experiment 
was duplicated. On the first day, 20 ~L of each inoculated media was streaked out on 
TA, Bill with or without 10mM KN03 plates and also agar plates supplemented with 
Tetracycline (1 0 ~g mL-1). The plates then placed at 29°C and after 3 days, bacterial 
growth on each plate were recorded. This was also done at day 4, 7 and 14. 
4.4.3 Viable counts 
Viable counts were made of bacterial suspensions before, during or at the end of 
experiments. Samples were diluted using the 10 ~L drop method on BMM or Bill plates 
with or without antibiotics and incubating them at 29°C for several days. 
4.4.4 Plant sterilization and germination 
All plants used were sterilized and germinated as in section 2.5.1. 
4.4.5 Nodulation test and plant growth conditions 
Medicago truncatula L. were inoculated with bacterial strains Table 4.1 and grown 
as in section 2.5.2. 
4.4.6 Rice plant assay and rice plant growth conditions 
Three-days-old germinated seedlings were inoculated with bacterial strains in Table 
4.1 as in section 2.5.3. 
4.4.7 Plasmid-cured and plasmid deleted derivatives of S. meliloti Rm2011 
S.meliloti wild type strains 1021 and 2011 and mutants strains listed in table 2.2 were 
tested on rice seedlings as in section 2.5.3 to determine the specific plasmid genes in the 
rice-Rhizobium interaction. Each treatment was done in duplicate in a random block 
design. Each experiment was repeated three times. 
4.4.8 Dilution of inoculating suspension usingS. meliloti Sm1021 and Rm2011 
Similar to section 2.5.3, bacterial suspensions were made by suspending three-day-
old colonies of S. meliloti strains 1 021 and Sm20 11 from BMM plants in sterile water 
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and adjusting to an OD6oonm 0.1 and this gave a bacterial cell counts of'about 107- 108 
cells/mL. The suspension was serially diluted (1 in 1 0) with sterile water to 10-8 
(theoretically no cell in suspension). Bacterial suspensions of S. meliloti 1021 at 
different cell concentrations were then used to determine the number of cells needed to 
affect rice seedling growth. Each of the bacterial suspensions was then diluted 1 :20 in 
sterile water in a petri dish and used to inoculate tlu;"ee-day-old rice seedlings. The rice 
plants were then grown for 21 d. 
4.4.9 Competition assay 
To investigate the effect of rhizobia on rice seedling growth under competitive 
conditions, the two Rhizobium strains chosen were S.meliloti Rm1021and its plasmid-
cured derivative GFP-labelled SmA818. Also S.meliloti strains SmA818 and Sm1021 
GFP-labelled respectively were used as positive control inoculants. Bacterial 
suspensions of Sm1021 and SmA818(gfp) were made to an OD6oonm= 0.1 respectively. 
Each of the bacterial suspension used in Table 4.2 for inoculating rice seedlings prior to 
the 1:20 dilution (section 2.5.3) was as followed: 
Table 4.2 Ratio of S.meliloti Rm1021 to GFP-labelled SmA818 for bacterial 
suspension prior to inoculation 
Ratio of S.meliloti Rm1021 to SmA818(gjp) 
Rm1021 Sm818(gfp) 
A (control) - -
B 1 -
c 1 1 
D 1 10 
E 1 10:.! 
F 1 10:; 
G 1 104 
H 1 5 X 10 .. 
I 1 10;) 
J - 1 
The plants were then grown for 21 days and the growth of the inoculants were 
monitored over the duration of the experiment. From each Magenta jar, a sample (1 mL) 
was taken and viable counts made (section 2.4.11) on BMM and BMM supplemented 
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with tetracycline (10 f.lg mL-1). Samples were taken at 0, 7; 14 and 21d. Counts were 
recorded and each treatment was done in triplicate in a random block design. 
4.4.1 0 Effect of medium on the interaction of Rhizobium with young rice seedlings 
cv. Pelde 
A) Application of alternative nitrogen sources 
Rice seeds were germinated and they were inoculated with S. meliloti Rm 1021 
(section 2.5.3) and then transferred to Magenta jars containing the nitrogen-free liquid 
medium supplemented with various forms of nitrogen at concentrations of 10 mM 
KN03, 10 mM NH4Cl, 10 mM (N~)zS04, 10 mM N~N03 and 10 mM CaN03 
respectively. The plants were grown for 21 d as in section 2.5.3 and then harvested after 
21 d shoot and root characteristics recorded. 
B) Application of agar at various concentrations 
NFM liquid medium supplemented with 1 OmM KN03 were modified by the addition 
of agar at 0%, 0.1 %, 0.2%, 0.3%, 0.4%, 0.5%, 0.6% (w/v) and 1.2% (w/v) to 
manipulate the effect of rice seedling growth in the presence of rhizobia. Rhizobium 
strains used were S. meliloti 1021 and S. meliloti 1021{gfi7) and R. leguminosarum bv. 
trifolii ANU843. Three-day-old rice seedlings were treated as mentioned above 
procedure and they were transferred to each jar (6 per jar). This was done in triplicate 
and the Magenta jars were put in a random arrangement, incubated as in section 2.5.3. 
At 21 d, the plants were harvested. 
4.4.11 Plasmid profiles of S. meliloti Sm1021 and plasmid-cured and deleted 
derivatives 
Strains were grown in HP medium and used to run plasmid profiles as in section 
2.10. 
4.4.12 Statistical analysis 
Statistical analyses were done as described in section 2.7. 
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4.5 Results 
4.5.1 Plasmid prof"Iles of S. meliloti 1021 and its plasmid cured and deleted 
derivatives and their ability to nodulate M. truncatula 
This work was done in collaboration with Dr. M. Hynes (University of Calgary, 
Canada). The S. meliloti wild-type strains, Sm1021 and Rm 2011, and their pSyrn.A and 
pSymB plasmid-cured and deleted mutants were grown in liquid HP medium and were 
used to run plasmid gels as in section 2.10. S. meliloti strain 1021 and 2011 have a 
similar plasmid profile, pSymA 1.4Mb and pSymB 1.7Mb (Figure 4.1). The pSymA-
cured derivative ofRm2011, SmA818 showed only one band corresponding to pSymB 
(1.7Mb). pSyrn.A deleted derivative of Rm2011, SmA146 showed two bands, one 
corresponding to pSymB (1.7Mb) and the other smaller than pSyrn.A in Rm2011 and 
Sm1021, confirming that the deletion is in pSyrn.A. The size of this band is 
approximately 600Kb (Figure 4.1). 
All pSyrn.A deleted mutants were generated using the method in Oresnik et al. (2000) 
(personal communication, M. Hynes). 
The size of deletions in pSyrn.A deleted derivatives ofRm2011 was calculated by M. 
Hynes. Size of deletions in pSymB deleted derivatives ofRm2011 have been published 
in Charles and Finan (1991). 
Table 4.3 Size of pSymA and pSymB plasmids in S.meliloti Rm2011 (Sm1021) mutants 
Strains Size of pSymA Size of pSymB 
(Kb) (Kb) 
Sm 1021 1400 1700 
Rm2011 1400 1700 
SmA818 deleted 1700 
SmA146 600 1700 
SmA144 ~810 1700 
SmA225 ~810 1700 
SmA845 ~700 1700 
SmA838 636 1700 
G270 1400 810 
G271 1400 636 
G277 1400 575 
RmF909 1400 993 
- approximate Size (Kb) 
Wild-type strains Rm2011 and Sm1021 nodulated M. truncatula, while all pSymA-
cured and deleted plasmid derivatives of Rm2011, except for SmA22-5, did not 
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nodulate its legume host after 3 weeks. All pSymB deleted derivatives, G270, G271, 
G277 and RmF909 nodulated their legume host M. truncatula after 3 weeks (Figure 
4.2). 
4.5.2 One cell of the inhibitory strainS. meliloti Sm1021 inhibits rice growth 
All experiments used an inoculation suspension of 107 cells mL-1 of rhizobia to 
investigate the interaction of Rhizobium with rice seedlings. Yanni et al. (1997) had 
found that this was approximately the rhizosphere concentration in Egypt. 
In Chapter 3, it was shown that an inoculating suspension of 107 cells mL-1 rhizobia 
either inhibited, promoted or had a neutral effect on rice growth. 
The aim of this experiment was to determine if low concentrations of the inhibitory 
strain Sml021 could still inhibit rice growth. S. meliloti wild-type strains Sml021 and 
Rm2011 were used as in section 4.4.8. 
At 21 d, all plants inoculated with Sml021 and Rm2011 were inhibited (Figure 4.3). 
Magenta jars containing stunted rice plants contained between 10 6 and 107 CFU mL-1 of 
Sml021 or Rm2011 but no bacteria were isolated from plant growth medium containing 
rice plants showing normal growth. 
4.5.3 Megaplasmids of S. meliloti 1021 (Rm2011) affect the growth of rice seedling 
cv. Pelde 
As described in Chapter 3 and section 4.5.2, S. meliloti strain Sml021 inhibited rice 
growth at 21 d in liquid FlO medium. The results in Chapter 3 demonstrated that the 
interaction of Rhizobium with rice was determined by the plasmids. To investigate if 
plasmids played a similar role in the inhibition and stimulation of rice growth by S. 
meliloti Sm1021 and the closely related strain Rm2011, plasmid deleted and cured 
derivatives of strain Rm2011 were used in the rice growth assay as in section 2.5.3. 
At 21 d, S. meliloti 1021 and the closely related strain Rm2011 inhibited rice 
seedling growth in F1 0 in the same way as the well characterised R. leguminosarum bv. 
trifolii strain ANU843 (Figure 4.4). 
The pSymA-cured strain SmA818 did not inhibit rice growth. All pSymA deleted 
strains SmA146, SmA225, SmA845 and SmA838 had no effect on rice growth at 19 d 
(Figure 4.4) and at 21 d (Figure 4.5). Rice plants inoculated with strain SmA144 did not 
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display symptoms of inhibition compared to plants inoculated with strain Sml021 (data 
not shown). All pSymB deleted strains G270, G271, G277 and RmF909 inhibited rice 
growth in FlO at 21 d (Figure 4.4 and 4.5), although not to the same extent as Sm1021 
and RmF909 treated rice plants (Figure 4.4 and 4.5). All inhibited plants had stunted 
shoots growth and short lateral roots (Figure 4.4). Plants inoculated with non-inhibitory 
strains had green shoots (Figure 4.4) and normal pattern of root development (Figure 
4.6). Similar observations were made with 0. sativa cv. Calrose (data not shown). 
4.5.4 Inhibition of rice growth by rhizobia is Rhizobiaceae-specific 
Rice seedlings were inoculated with E. coli strains, ANU1 073 and DH5apHC60, 
bacterial species not known for forming any association with plants and not in the 
Rhizobiaceae family. These strains had no effect on rice growth and root development 
was normal (Figure 4.4 and 4.5). E. coli strain DH5apHC60, containing the GFP 
plasmid, was observed in rice root tissues under the fluorescence microscope. The cells 
were present on the surface and at the lateral root junctions and within root tissues at 
21d (data not shown). This suggests that lack of inhibition by E.coli strains is not due to 
the loss of viability as GFP-labelled bacteria were observed in rice root tissue at 21 d. 
4.5.5 S. meliloti 1021 and pSymA deleted and cured derivatives of strain Rm2011 
infect rice root tissues 
To investigate if Sm1021 and its plasmid cured or deleted derivatives could infect 
and intimately associate with its non-legume host, the gjp marker was transferred to 
Sm1021, and its pSymA deleted and cured derivatives, SmA146, SmA225, SmA845, 
SmA838 and SmA818 (as in section 2.4.2). The transfer of the GFP plasmid into the 
pSymB deleted strains G270, G271 and G277 was not successful. GFP-labelled rhizobia 
were then used to inoculate rice plants that were then transferred to Magenta jars and 
grown for 14 d (as in section 4.4.6). Each experiment was done in duplicate and each 
treatment contained 6 plants. Experiments were repeated twice. 
At 14 d, strain Sm1021(gjp) inhibited the growth of rice plants while the GFP-
labelled pSymA mutant strains, SmA146, SmA225, SmA845, SmA838 and SmA818 
had no effect on rice growth compared to uninoculated rice plants in F1 0 liquid medium 
(data not shown). GFP-labelled strain Sm1021 was found on the surface of rice root 
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tissue and at the lateral root junctions, similarly to GFP-labelled strains SmA146, 
SmA225, SmA845, SmA838 and SmA818 (Figure 4.6). Strain Sml02l(gffi) and 
SmA146(gffi) infected rice root hairs at 14 d (Figure 4.6) suggesting that S. meliloti 
strains can infect root hair. Strains SmA838(gfp), SmA225(gfp), and SmA818(gffi) 
were found within the intercellular space of rice roots forming intercellular long lines of 
GFP-labelled bacteria similar to strain R4(gffi) (in Chapter3) (Figure 4.7). This provides 
further evidence that: (a) the neutral effect of pSymA deleted and cured strains of 
Rm20 11 on the growth of rice plants after 14 d is not due to the colonisation of rice 
roots and loss of viability; (b) nod genes are not involved in the colonisation and growth 
inhibition of rice roots as none of the pSymA mutants, except for SmA225, could 
nodulate M truneatula at 14 d and (c) in normally growing roots rhizobia can grow 
inside the root as it elongates. 
4.5.6 Rhizopines and AHLs are not involved in the rice growth inhibition by S. 
meliloti wild-type strains 
To investigate the role of rhizopines in the inhibition of rice growth, wild-type strain 
LS-30 (PM2238) and mos and moe mutants deficient in rhizopine synthesis and 
catabolism, respectively, were used as inoculants in rice growth assays (as section 
4.4.6). At 21 d, wild type strain PM2238 and its mos and moe mutants, strains PM2126, 
PM2129 and PM2168, inhibited rice growth as well as the Rhizobium strain ANU843 
suggesting that rhizopines are not involved in rice growth inhibition (Figure 4.8). 
To investigate if AHLs contributed to the inhibition effect observed on S. meliloti 
Sml021 inoculated rice plants, the S.meliloti strain MGlO containing the pLAFR3::aiiA 
construct, encoding for the AHL- lactonase gene, which greatly reduces the level of 
AHL signals (personal communication, Dr. W.D. Bauer), was used as an inoculant in 
rice growth assays (as in section 4.4.6). At 21 d, the presence of the AHL- lactonase 
gene inS. meliloti Sm1021 inhibited rice growth inhibition (Figure 4.8). 
4.5.7 Inhibition phenomenon is a dominant phenotype in competition ,plant growth 
assay 
In the legume-Rhizobium interaction, various competition studies have shown that 
nodulation can be affected due to the resilience of certain strains over its mutant 
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counterpart e.g., rhizopine catabolism (Heinrich et al., 1999). To deterniine if Sm1021 
in competition with a non-inhibitory strain could affect the rice-Rhizobium interaction, 
the wild-type strain Sm1021 and the non-inhibitory pSymA deleted strain SmA818, 
were used as in section 4.4.9. The aim was to investigate if the inhibition induced by 
strain Sml021 could be abolished in the presence of increased bacterial cell 
concentrations of its non-inhibitory pSymA cured derivative SmA818. Strains SmA818 
and SmA818(gfp) were chosen because they did not inhibit rice growth and strain 
SmA818(gfp) could be used to differentiate from the wild-type strain Sm1 021 due to the 
presence of the gfp plasmid encoding a tetracycline resistance marker up to 15 )lgmL-1 
concentration. Rice plants were then grown for 21 d under rice growing conditions. 
Starting inoculating suspensions contained between 1 0 7 and 1 08 cells of SmA818(gfp) 
and Sm1021 (section 4.4.6). In the competition assays, the ratios of Sm1021 to 
SmA818gfp suspensions as listed in Table 4.2 were used. The ratios were confirmed by 
measuring viable counts using tetracycline in BMM plates as SmA818(gfp) could grow 
on BMM(Tc 10) and Sm1021 could not. Rice plants were inoculated as in section 4.4.6. 
In FlO liquid medium, strains Sm1021 and Sm1021(gfp) inhibited rice growth, while 
strains SmA818 and SmA818(gfp) inoculated rice plants did not (Figure 4.9 and 4.10). 
All inoculants containing Sm 1 021 in the initial rice inoculating suspensions inhibited 
rice growth and stunted root development (Figure 4.9 and 4.10). 
Bacterial growth of both strains was monitored over the duration of the experiments. 
At 21 d, it was found that in competition, Sm 1021 inhibited the growth of SmA818(gfp) 
in the 1 to 1 ratio suspension (Figure 4.11 ). As the concentration of Sm1 021 decreased 
in ratio to SmA818(gfp ), the killing of Sm818(gfp) became less and the bacterial count 
between Sm1021 and SmA818(gfp) were similar in the order of 1: 1 (data not shown). 
Furthermore, at 21 d, colonies that grew in BMM plates were white and mucoid. To 
verify if such white colonies were SmA818 colonies, which could have lost their gfp 
plasmid, few colonies from each ratio at 21 d were tested for nodulation of M 
truncatula and were streaked on BMM plates supplemented with tetracycline (10 )lg 
mL-1). GFP-labelled bacteria not only appear green in colour due to the expression of 
the green fluorescent protein (gfp) but also have the tetracycline resistance. All white 
colonies nodulated M truncatula and no growth were observed on BMM (Tel 0) plates, 
suggesting that the white colonies were strain Sm1021. 
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At 21 d, similar observations were made with Sm 1021 and SmA 146(gfp) 
competition assay on rice seedlings cv. Pelde in FlO liquid medium (Figure 4.9). All 
plants, which were inhibited in growth, formed short laterals and, strain Sm1021 also 
killed its pSymA deleted derivative SmA146 to same extent to that observed with 
Sml 021 (data not shown). 
4.5.8 Bacteriocin production and protection is pSymA associated in S. meliloti 
Sm1021(Rm2011) 
To investigate the killing effect of strain Sm1021 on its pSymA cured and deleted 
derivatives, bacteriocin tests were done as in section 4.4.2. Clear zones only formed 
when SmA818 was used in the presence of Sm1021 (Figure 4.12). Also clear zones 
were formed when R. leguminosarum bv. trifolii strain R4 was used in the presence of 
strain Sm1021 (Figure 4.12). No clear zones were observed with SmA146 and other 
pSymA deletion mutants and pSymB mutants (data not shown). This indicated two 
things. Firstly, that the killing of SmA818(gfp) could be due to bacteriocin production 
by strain Sm1021. This was not the case with SmA146 as no clear zone were formed 
suggesting that the killing of SmA818(gfp) and SmA 146(gfp) was due to another cause. 
Secondly, bacteriocin production and catabolism is pSymA located and the ability to 
protect against bacteriocin action is located in the undeleted region of the pSymA 
megaplasmid. 
4.5.9 Killing of pSymA-cured and deleted derivatives, SmA818 and SmA146 by S. 
meliloti Sm1021 is medium dependent 
To investigate if the killing phenomenon of Sm1021 on its pSymA cured mutants 
was due to the plant medium, or the presence of rice, wild-type strain Sml021 and 
SmA818(gfp) were used to inoculate three different liquid media in the absence of rice 
plants. The ratio of 1 to 1 Sm1021:SmA818(gjjJ) was used as it was at this particular 
ratio that the killing of SmA818(gjjJ) by strain Sm1021 was most pronounced (Figure 
4.11). As control, Sm1021 and SmA818(gfp) were used to inoculate liquid media as 
described in section 4.4.2. TA medium and Bill were chosen because TA is a complex 
rich medium and Bill, a defined minimal medium. 
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At 7 d post inoculation, in T A medium, with a ratio of 1 to · 1 Sm 1 021 to 
SmA818{W), Sm1021 killed SmA818(W) while in Bill medium this was not 
observed (Figure 4.12). The killing ofSmA818(gW) by Sml021 was still evident at 14 
d in TA medium while in Bill, SmA818(W) was still viable. All flasks which 
contained only Sml021 and Sm818(W) were still viable at 14 din TA and Bill media. 
To investigate if nitrate played a role, Bill supplemented with 1 OmM KN03 was 
used to test for the killing phenomenon between Sml021 and SmA818(W). It was 
found that at 14 d, Sml021 had no killing effect on SmA818(gfP) (data not shown). 
This suggests that F 1 0 in the presence of rice plants is similar to a rich medium like 
TA that can support the growth ofboth strains, and the killing of strain SmA818(gfP) by 
strain Sml021 could only be observed under rich conditions and did not involved 
nitrate. 
4.5.10 Addition of agar abated the inhibition phenomenon of strain Sm1021 
Rice growth assays were devised using liquid FlO medium to mimick the growth of 
rice seedlings in paddy fields, after treatment with a nitrate fertiliser. Rice plants treated 
with strains Sml021 or Sml02l{gh7) in FlO liquid medium were inhibited in shoot and 
root growth and as were rice plants treated with R. leguminosarum bv. trifolii strain 
ANU843. Rice plants treated with the inhibitory strain ANU843 grown in FlO solid 
medium (1.2% w/v agar) did not show such inhibition in rice growth (personal 
communication, Rolfe and Mciver). To investigate this phenomenon, preliminary 
experiments with Sml021 (at 107 cells mr1 inhibitory initial suspension) were used to 
inoculate rice seedlings, then plants were transferred to FlO medium with 0%, 0.6% and 
1.2% (w/v) agar. Plants were grown as in 4.4.6. 
The results were that at 0.6% and 1.2% (w/v) agar in Fl 0 medium, the inhibitory 
phenomenon of strain Sm1021 was abolished (Figure 4.13). To pinpoint the 
concentration of agar needed for the normal growth in the presence of Sm 1 021, a range 
of concentrations of agar from 0% (w/v) to 0.6%(w/v) were tested as in section 4.4.10. 
Rice plants were grown for 21 d as in section 4.4.6. 
At 21 d, rice plants inoculated with Sml 021 were inhibited in growth in Magenta jars 
containing FlO from 0% to 0.3% agar compared to uninoculated control rice plants 
(Figure 4.14). Rice plants in such Magenta jars were also inhibited in root development 
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(Figure 4.14). Plants inoculated with Sml021 in Magenta jars containing FlO medium 
with 0.1-0.3% agar however, appeared better than that Sm1021 treated plants in FlO 
liquid medium evident in Figure 4.14. At 0.4% agar, rice plants treated with inhibitory 
strains did not show any sign of rice growth inhibition and were similar to those grown 
in 0.5% (w/v) and 0.6% (w/v) agar and to control uninoculated rice plants in similar 
concentrations of agar in FlO medium (Figure 4.14). Similar observations were made 
with strain Sm1021{gfi7) treated plants (Figure 4.14). Rice roots of plants inoculated 
with Sml021 and Sm102l{gfi7), which were not inhibited in growth, had similar root 
morphology to uninoculated control plants grown in 0% (w/v) to 0.6% (w/v) agar 
(Figure 4.14). Furthermore, by the use of strain Sml021{gfi7), the lack of inhibition, 
observed in Magenta jars with 0.4% (w/v) to 0.6% (w/v) in Fl 0 medium, was not due to 
the absence ofbacteria, as GFP-labelled Sm1021 were found in the agar, on the root 
surface and epidermal cells of roots. This was also confirmed as isolates from Magenta 
jars, containing Sm102l(gfi:J) inoculated rice plants, nodulated M. truncatula. 
When the level oflight was reduced from 600 to 300 J..Lmol m-2s-1 the inhibition of 
Sm1021 on rice seedlings at 21 d (Figure 4.13). 
4.5.11 The inhibitory phenomenon of strain Sm1021 on rice seedlings growth is 
nitrate dependent 
To investigate the effect of different nitrogen sources on the growth of rice cv. Pelde, 
strain Sml021 treated plants were grown in NF liquid medium supplemented lOmM 
NH4Cl, lOmM N~N03, 10mM (NH4)2S04 and 10 mM Ca(N03)2 and compared to FlO 
grown plants as shown in section 4.4.1 0. 
Strain Sm1021 inoculated rice plants grown in liquid NF medium supplemented with 
1 OmM NH4Cl, 1 OmM NH4N03 and 1 OmM (NH4)zS04 respectively appeared normal 
compared to uninoculated control plants and uninoculated plants grown in F1 0 liquid 
medium at 21 d (Figure 4.15). Sm1021 inoculated plants grown in NF liquid medium 
supplemented with 10 mM Ca(N03)2 were inhibited in growth (Figure 4.15). 
Uninoculated rice plants grown in NF medium supplemented with 10 mM Ca(N03)2 
had a normal pattern of shoot and root pattern as observed in uninoculated plants grown 
in FlO medium at 21 d (Figure 4.15). 
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4.6 Discussion 
4.6.1 Plasmids affect the complex interaction between S. meliloti Sm1021 
(Rm2011), growth medium and rice plants 
It has been shown that S. meliloti Sm 1 021 (Rm20 11 ), a micro-symbiont of 
Medicago, can interact intimately with the non-legume host, rice, under laboratory 
conditions. 
Comparing the growth ofrice inoculated with S. meliloti Sm1021 (Rm2011) and its 
plasmid-cured and plasmid deleted derivatives, it is evident that the inhibition of rice 
growth and development is closely associated with the rhizobia plasmid. 
Wild-type strains Sm1021 and Rm2011 inhibited rice growth resulting m the 
formation of short lateral roots and yellow shoots at 14 and 21 d. Rice plants inoculated 
with pSymA-cured and deleted derivatives of Sm1021 (Rm2011) were not inhibited in 
growth at 21 d. All pSymB deleted derivatives ofRm2011 inhibited rice growth but to a 
lesser extent than its wild type strain Sm 1 021. These results suggest that the inhibitory 
genes are most likely associated with the pSymA plasmid~ All pSymA mutants lost the 
inhibitory effect and in the simplest model, the inhibitory genes are located in a 750 Kb 
region ofpSymA of S. meliloti Sm1021 (Figure 4.16). 
However, as the pSymB deleted derivatives could still partially inhibit rice growth, it 
is possible that the model is more complex and that in the case of strain G277, the 
remaining 575 Kb of pSymB can still interact with the pSymA to confer rice growth 
inhibition. There are pSymB mutants with bigger deletions (Charles and Finan, 1991) 
but the total curing of the pSymB may be lethal to S. meliloti 1021, due to the presence 
of a gene essential for growth, Arg_tRNAcco gene, located on pSymB (Charles and 
Finan, 1991; Finan et al., 2001). Therefore, due to the lack of a pSymB-cured mutant, 
the precise involvement of pSymB in the inhibition of rice has been difficult to 
establish. It is possible that the genes located in the deleted 750Kb region of pSymA are 
essential for interacting with the other replicons, pSymB and the chromosome to cause 
the inhibition of rice growth by the wild-type strain Sm1021 (Figure 4.16). 
Megaplasmid pSymB encodes many transporter genes, which have been mapped to the 
deleted regions of pSymB deleted derivatives using the S. meliloti Sm1021 DNA 
sequence database, and they may have a role in the rice growth inhibition of Sm1021 
(Figure 4.16). 
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The important finding is that the lack of inhibition obser\red with the pSymA-cured 
and deleted mutants of S. meliloti was not due to a loss of viability. The viability of 
pSymA-cured SmA818 was confirmed. Oresnik et al. (2000) demonstrated that the 
pSymA of wild-type strain Rm2011 was not required for viability as the pSymA-cured 
derivative, strain SmA818, grew as well as its wild-type strain in both complex and 
defined media. Furthermore, it appeared that the presence of rice in F 1 0 medium can be 
defined as a complex medium as the killing phenomenon observed in competition 
assays (Figure 4.11, 4.12 and 4.13) only occurred in TA rich complex medium in the 
absence of rice plants (Figure 4.12). 
Nod genes are not needed for infection of rice root tissue and for the inhibition of 
rice root growth, and pSymA mutants SmA818, SmA225 and SmA838 infected root 
tissues forming long intercellular long lines ofbacteria. 
Rhizopines are considered to be secondary metabolites of plant-Rhizobium 
interaction, and to play a role in the enhancement of the bacterial partner in symbiosis 
(Murphy et al., 1993; Heinrich et al., 1999). In Rhizobium-legume symbiosis, rhizopines 
are synthesised by bacteriods and are exclusively catabolized by the free-living bacteria 
of the same strain living in the infection thread and rhizosphere (Heinrich et al., 1999). 
The use of mutants deficient in rhizopine synthesis and catabolism did not abolish the 
inhibitory phenomenon as observed in S.meliloti wild type PM2138 (Figure 4.8). 
AHLs have been shown in rhizobia to regulate the induction of stationary phase and 
to restrict the number of nodules of host plants (Gray et al., 1996; Marketon and 
Gonzalez, 2002) and to inhibit certain strains (Wisniewski-Dye and Downie, 2002). 
Studies suggest that AHLs may not be involved (Figure 4.8). Plants such as rice are 
also known to secrete substances that mimic AHL signal activities (Teplitski et al., 
2000) and could have contributed to the killing phenomenon observed by the strain 
MGlO pLAFR3::aiiA encoding the AHL (acyl-homoserine lactone) -lactonase gene. 
It was interesting to observe that one cell of an inhibitory strain of rhizobia was 
sufficient to inhibit rice growth (Figure 4.3). One future study of interest would be to 
observe, as AHLs play a major role in the induction of genes in a population density 
dependent manner, if inoculants containing less than 107 cells mL-1 of inhibitory 
rhizobia could still affect rice growth inhibition. 
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In the presence of the non-inhibitory strains, strain Sm1021 can still inhibit rice 
growth (Figure 4.9). This is very important as in soil or paddy fields, there are a diverse 
group of microorganisms (Liesak et al., 2000), which may be inhibitory, stimulatory or 
have no effect of plant growth. These observations suggest that under optimal 
conditions, inhibitory strains could dominate the stimulatory effect of certain strains in 
paddy fields. 
The inhibitory strains may also have the ability to kill its competitors in the 
environment as shown in the competition assays where strain Sm1021 killed its 
pSymA-cured derivative SmA818 by a non-bacteriocin procedure. The precise 
mechanism of this interaction needs to be investigated. 
Addition of agar and different sources of nitrogen affected the inhibition 
phenomenon of Sm1021 on rice seedling growth and development (Figure 4.13, 4.14 
and 4.15). The addition of agar demonstrated another factor in which medium could 
affect the interaction of rhizobia with its non-legume host rice. Work by Wiengweera et 
al. (1997) suggested that at low concentration of agar at 0.1% in nutrient solution 
mimicked waterlogged soils thus simulating slow gas movement. Under such 
conditions a plant may experience localised low oxygen tension and high ethylene 
concentration (Wiengweera et al., 1997). Furthermore the presence of microflora could 
lower the redox potential and the production of gases and weak organic acids, which are 
end products of microbiological anaerobic catabolism (Wiengweera et al., 1997). This 
suggests that at low concentration of agar in liquid FlO medium, S. meliloti Sm1021 is 
subjected to microaerophilic conditions contributing to the inhibition phenomenon. One 
possibility is the reduction of nitrate, thus increasing nitrite high enough to cause the 
inhibition of rice growth or the formation of inhibitory compounds such as IAA, which 
are easily diffused in liquid medium compared to high concentration of agar. This 
suggests that changing the oxygen concentration by the addition of agar might affect 
gene expression and metabolism of S. meliloti or the plant. 
There is strong evidence for the involvement of nitrate, as observed in Chapter 3 and 
it seems that the presence of nitrate only and the form of ions in the plant medium may 
be the cause of inhibition (Figure 4.15). 
As all inhibited plants formed short lateral roots (Figure 4.6, similarly observed in 
Chapter 3) the studies using S. meliloti Sm1021 in this chapter again suggested that 
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nitrate and IAA might be involved. This suggests that the deleted 750Kb DNA region of 
pSymA contain the plasmid-associated genes needed, either by themselves or in 
conjunction with other replicons, to affect the interaction of S. meliloti Sm1021 with 
rice (Figure 4.16). 
Chapter 5 will examine key genes related to IAA synthesis and nitrate metabolism 
that are pSymA associated and may be involved in the interaction of S. meliloti 1021 
with rice. 
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Figure 4.1 Plasmid gel profiles of Sinorhizobium meliloti strain Sm1021 
and its plasmid-cured and deleted mutants; S. meliloti wild-type Sml021; 
SmA14-6; SmA818; SmA838; SmA225; G270; G271; G277; S. meliloti 
wild-type Rm2011 (plasmid gel profiles of strains done by M. Hynes); 
SmA14-4; SmA845 and RmF909 (plasmid profiles of strains done by F. 
Perrine). 
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Figure 4.2 Nodulation ability of some of the pSymA and pSymB plasmid-
cured and deleted derivatives on Medicago truncatula after 3 weeks. M. 
truncatula were flood inoculated with strain Sm1021 and its plasmid-cured 
and deleted derivatives (a) Uninoculated; (b) S. meliloti Sm1021 inoculated 
plants; (c) pSymA cured derivative SmA818 inoculated plants; (d) pSymA 
deleted derivative SmA845 inoculated plants; (e) pSymA deleted derivative 
SmA225 treated plants; (f) pSymA deleted derivative SmA146 treated 
plants; (g) pSymB deleted derivative G270 treated plants; (h) pSymB 
deleted derivative G271 treated plants; (i) pSymB deleted derivative G277 
treated plants; U) pSymB deleted derivative RmF909 treated plants. White 
arrows indicate nodules on legume roots. 
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Figure 4.3 The effect of dilution of the initial inoculating suspension of 
inhibitory wild-type strains Sm1021 and Rm2011 on the growth of rice 
plants cv. Pelde grown in FlO medium at 21 d. Plants were inoculated with 
Rm2011 at the different cell concentrations. The initial concentration of 
Rm2011 suspension was 107 cell mL-1. The 10° bacterial suspension was 
serially diluted to 10-8. Each dilution was used as an inoculant for rice 
seedlings. The same was done with Sm1021. (A) Growth of shoots were 
assessed at 21 din liquid NFM containing 10 mM KN03 (n=179; 119); Bars 
indicate the LSD for the log (dry mass) (mg) of shoot at the 95% level 
(P=0.05); (B) Plants were inoculated with 10° bacterial suspension of 
Sm1021 and its serially diluted suspensions of 10-1, 10-2, 10-3, 10-4, 10-5 , 
10-6, 10-7 and 10-8. 
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Figure 4.4 Effect of Sinorhizobium meliloti wild-type strains Sml021 and 
Rm2011 and their plasmid-cured and deleted derivatives on the growth of 
rice seedlings cv. Pelde grown in FlO liquid medium. (A) Plants were 
inoculated with S. meliloti strains Sml021, SmA225, SmA838, SmA845, 
G270, G271, G277 and the E. coli strain DH5apHC60 at 19 d; (B) Plants 
were inoculated with R. leguminosarum bv. trifolii strain ANU843 and S. 
meliloti strains Sml021, Rm2011, SmA818 and SmA146 at 2ld 



Figure 4.5 Effect of Sinorhizobium meliloti wild-type strains Sm1021 and 
Rm2011 and their plasmid-cured and deleted derivatives on the growth of 
rice seedlings cv. Pelde grown in FlO liquid medium at 21 d. Growth of 
roots and shoots were assessed after 21 din liquid NFM containing 10 mM 
KN03 ; (A) Plants were inoculated with S. meliloti strains Sm1021, 
Rm2011, SmA818, SmA146, R. leguminosarum bv. trifolii ANU843 and 
E.coli strain ANU1073 (n=83); (B) Plants were inoculated with S. meliloti 
strains Sm1021, SmA225, SmA838, SmA845, G270, G271, G277 and the 
E. coli strain DH5apHC60 (n=107); (C) Plants were inoculated with S. 
meliloti strains Sm1021,SmA818, SmA146, SmA225, SmA838, SmA845, 
G270, G271, G277 and RmF909 (n=395). 
Bars indicate the LSD for the log (dry mass)(mg) of root and shoot at the 
95% level (P=0.05). 
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Figure 4.6 Effect of bacterial inoculation on the growth and development of 
lateral roots on the main root of rice seedlings cv. Pelde in FlO medium. 
Plants were assessed 21 d after inoculation. (A)Uninoculated; (B) 
Inoculated with ANU1073; (C) Inoculated with DH5apHC60; (D) 
Inoculated with Sm1021; (E) Inoculated with Rm2011; (F) Inoculated with 
PM2129; (G) Inoculated with SrnA818; (H) Inoculated with SmA146; (I) 
Inoculated with SmA225; (J) Inoculated with SmA838; (K) Inoculated with 
SmA845; (L) Inoculated with G270; (M) Secondary laterals, inoculated 
with G271; (N) Inoculated with G277. Bars= lmm. 
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Figure 4.7 Infection of GFP-labelled strains of S. meliloti in rice root cv. 
Pelde grown in FlO medium at 14 d. (A) Uninoculated; (Bl) Sm1021(gfp) 
at the lateral root junctions; (B2) Sm1021(gfp) in rice root hair; (C) 
SmA146(gfp) in the rice root hair; (D) Intercellular long lines of 
Sm225(gfp) in rice root; (E) Intercellular long lines of SmA838(gfp) in rice 
root tip; (Fl) SmA818(gfp) at the lateral root junctions; (F2) Intercellular 
long lines of Sm818(gfp) in rice root. (A), (Bl), (D), (E), (Fl) and (F2) Bars 
indicate 150J.tm. (B2) and (C) Bars indicate 20J.tm. 



Figure 4.8 Effect of rhizopines and AHLs in the interaction of S. meliloti 
with rice grown in FlO medium at 21 d. (A) Plants were inoculated with S. 
meliloti strains PM2138, PM2129, PM2126, PM2168, and R. 
leguminosarum bv. trifolii ANU843; (B) Growth of roots and shoots in (A) 
were assessed at 21 din liquid NFM containing 10 mM KN03 (n=71). Bars 
indicate the LSD for the log (dry mass) (mg) of root and shoot at the 95% 
level (P=0.05); (C) Plants were inoculated with S. meliloti Sm1021 and 
strain MG10pLAF3::aiiA. 
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Figure 4.9 The effect of S. meliloti Sm1021 and its pSyrnA-cured and 
deleted derivatives SrnA818(gfp) and SrnA146(gfp) in competition on the 
growth of rice seedlings cv. Pelde grown in FlO medium at 21 d. (A) Plants 
were inoculated with Sm1021, Sm1021(gfp), SrnA818, SrnA818(gfp), 
Sm1021 and SmA818(gfp) at the following ratios 1 to 1, 1 to 10, 1 to 102, 1 
to 103, 1 to 104, 1 to 5 x104 and 1 to 105 (n=213); (B) Plants were inoculated 
with Sm1021, Sm1021(gfp), SrnA146(gfp), Sm1021 and SrnA146(gfp) at 
the following ratios 1 to 1, 1 to 10, 1 to 102, 1 to 103, 1 to 104 (n=131); (C) 
Growth of shoots (A)and (B) was assessed at 21 din liquid NFM containing 
10mMKN03. 
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Figure 4.10 The effect of S. meliloti Sm1021 and its pSymA cured 
derivatives SmA818(gfp) in competition on rice root growth and 
morphology grown in FlO medium at 21 d. (A) Uninoculated; (B) 
Inoculated with Sm1021; (C) Inoculated with SmA818; (D) Inoculated with 
SmA818(gfp); (E) Sm1021 and SmA818(gfp) at 1 to 1 ratio; (F) Sm1021 
and SmA818(gfp) at 1 to 10 ratio; (G) Sm1021 and SmA818(gfp) at 1 to 102 
ratio; (H) Sm1021 and SmA818(gfp) at 1 to 103 ratio; (I) Sm1021 and 
SmA818(gfp) at 1 to 104 ratio; (J) Sm1021 and SmA818(gfp) at 1 to 5 x104 
ratio and (K) Sm1021 and SmA818(gfp) at 1 to 105 ratio. 



Figure 4.11 Viability of bacterial strains S. meliloti Sm1021 and its pSymA 
cured derivative SmA818 and SmA818(gfp) in competition assay in 
Magenta jars containing FlO medium and rice plants at 0, 7, 14 and 21 d. 
Viable counts were done on BMM and BMM (TclO) plates. (A) Sm1021 on 
BMM plates; (B) SmA818 on BMM plates; (C) SmA818(gfp) on 
BMM(TclO) plates; (D) Sm1021 and SmA818(gfp) at 1:1 ratio on BMM 
and BMM(TclO) plates. Counts on BMM(TclO) are plotted in red. Error 
bars are SD values. 
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Figure 4.12 The killing effect of Sm1021 on the pSyma cured strain Sm818 
(A) to (C) Bacteriocin tests done on BMM plates; (A) Sm1021 vs Sm1021; 
(B) Sm1021 vs Sm818 (C) Sml021 vs R. leguminosarum bv. trifolii strain 
R4; (D) Sm1021 vs SrnA818(gfp) in TA and TA(Tc10) medium. Strain 
SrnA818(gfp) is the only strain that can grow on TA(TclO) and colonies 
appear yellow/green in colour. Right hand TA plates. Left hand TA(TclO) 
plates (a) Uninoculated at 7 d; (b) Sm1021 vs SmA818(gfp) at 1:1 ratio at 3 
d; (c) Sm1021 only at 7 d; (d) SrnA818(gfp) only at 7 d; (e) Sm1021 vs 
SrnA818(gfp) at 1:1 ratio at 7 d; (E) Sm1021 vs SrnA818(gfp) in Bill and 
BIII(TclO) medium. Strain SmA818(gfp) is the only strain that can grow on 
BIII(TclO) and colonies appear yellow/green in colour. Right hand Bill 
plates. Left hand BIII(TclO) plates(a) Uninoculated at 7 d; (b) Sm1021 vs 
SrnA818(gfp) at 1:1 ratio at 3 d; (c)Sm1021 only at 7 d; (d)SmA818(gfp) 
only at 7 d; (e) Sm1021 vs SrnA818(gfp) at 1:1 ratio at 7 d. 
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Figure 4.13 The effect of agar on the inhibitory phenomenon of S. meliloti 
strain Sm1021 on rice seedlings cv. Pelde at 21 d. (A) Plants were 
inoculated with Sm1021 and grown in liquid FlO medium with 0% (w/v), 
0.6%(w/v) and 1.2%(w/v) agar at a photon flux of 575-600 ~-tmol m-2s-1; (B) 
the effect of photon intensity on the inhibitory strain Sm1021 on rice 
seedling growth at a photon flux of less than 300~-tmo l m-2s -I. 
-


Figure 4.14 Effect of agar on the inhibitory phenomenon of S. meliloti 
strain Sm1021 and Sm1021(gfp) on the rice growth at 21 d. Rice seedlings 
cv. Pelde were inoculated with Sml021 or Sm1021(gfp) and grown in FlO 
medium supplemented with 0% (w/v), 0.1% (w/v), 0.2% (w/v), 0.3% (w/v), 
0.4% (w/v), 0.5% (w/v) and 0.6% (w/v) agar respectively. (A) 
Uninoculated; (B) Inoculated with Sml021; (C) Inoculated with 
Sm1021(gfp); (D) Growth of shoots was assessed at 21 d in liquid NFM 
containing 10 mM KN03. Bars indicate the LSD for the log (dry mass) (mg) 
of shoot at the 95% level (P=0.05); (E) rice root morphology of 
uninoculated, inoculated with Sm1021 and Sml021(gfp) rice seedlings in 
FlO medium supplemented with 0%(w/v), 0.3%(w/v) and 0.6%(w/v) agar. 
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Figure 4.15 Effect of different sources of nitrogen on the inhibitory 
phenomenon of S. meliloti strain Sm1021 on rice growth. Plants were 
inoculated with Sm1021 and grown in Magenta jars for 21 d. (A) Inoculated 
in NF medium supplemented with 10 mM KN03; (B) Inoculated in NF 
medium supplemented with 10 mM Ca(N03) 2; (C) Inoculated in NF 
medium supplemented with 10 mM N~Cl; (D) Inoculated in NF medium 
supplemented with 10 mM N~N03 ; (E) Inoculated in NF medium 
supplemented with 10 mM (N~)2S04. 
-


Figure 4.16 Proposed models for the inhibitory phenomenon of Sm1021 on 
rice seedling growth. (A) Simple model showing that pSymA encode the 
inhibitory plasmid-associated genes causing rice growth inhibition; (B) 
Complex model showing that the plasmid-associated genes in pSymA, 
pSymB and chromosome interacting together to cause rice growth 
inhibition. 
(B) Schematic diagram of pSymA showing the relative positions of known 
genetic markers. The arc shown represents the approximate position of the 
750 kB deleted region of SmA146. (Diagram adapted from Oresnik et al., 
2000). 
(C) Schematic diagram of pSymA showing the relative positions of known 
genetic markers. The arcs shown represent the approximate position of the 
deleted regions in pSymB mutants RmF909, G270, G271 and G277; letters 
denote the relative size of deleted regions in pSymB (a) 607 kb; (b) 173 kb; 
(c) 187 kb and (d) 221 kb (Diagram adapted from Charles and Finan, 
1991). 
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CHAPTERS 
GENES ENCODED ON MEGAPLASMID pSYMA OF SINORHIZOBIUM 
MEL/LOTI SM1021 IS RESPONSIBLE FOR RICE GROWTH INHIBITION 
Nitrate and IAA related genes are present on the pSymA, mapping to the deleted 
DNA region of the non-inhibitory strain SmA146 
5.1 Abstract 
Tn5-Mob constructs of Rm2011 strains Rm2011-14 and Rm2011-8 were used to 
investigate the involvement of Rhizobium plasmids in the inhibition of rice growth by S. 
meliloti Sml02l (Rm2011). pSymA and pSymB megaplasmids from strains Rm2011-
14 and Rm2011-18 were transferred respectively into non-inhibitory Rifampicin 
resistant Rhizobium strains R4 and W14-2 (c). 
Inoculation of rice plants with Sm1021, Rm2011, Rm2011-8 and Rm2011-14, 
which contained the Tn5-Mob constructs, resulted in stunted growth with short lateral 
roots at 21 d. Rifampicin resistant strains R4 and W14-2(c) did not inhibit growth and 
root development appeared similar to uninoculated rice plants. 
The transfer of pSymA was unsuccessful in strain R4. Strain R4 transconjugants 
containing the pSymB megaplasmid did not cause rice growth inhibition at 21 d but 
they were deficient in nodule formation on M. truncatula. 
With the Rifampicin resistant strain W14-2(c), transconjugants containing pSymA 
and pSymB with Rifampicin and Neomycin resistance respectively, were isolated. In 
the plant assay, the pSymA megaplasmid complemented strain Wl4-2(c) produced 
stunted shoots on the inoculated rice plants. The tranconjugants could also nodulate M 
truncatula. The transfer of the pSymB megaplasmid into W14-2(c) did not confer the 
rice growth inhibition phenotype and transconjugants were deficient in nodulation. 
The use of the cosmid libraries of R. leguminosarum bv. trifolii TAl and S. meliloti 
Sm1021 to complement the non-inhibitory strain R4 was unsuccessful. 
RP4 plasmids containing regions of the pSymA megaplasmids were used to 
complement the non-inhibitory strain SmA 146. Regions in RP4 plasmids covered 
approximately 300 Kb of the deleted fragment in SmA146. Transfer ofRP4, pGMI540, 
pGMI42, pTH2 and pGMI53 plasmids into the background strain SmA146 did affect 
rice growth suggesting that the inhibitory genes are further downstream in the 
83 
Chapter 5: Megaplasmid pSymA of Sinorhizobium meliloti Sm1021 
remaining 450 Kb of the deleted region of strain SmA146. Furthermore, the pGMI42 
plasmid complemented strain SmA146 in the nodulation of M truncatula. 
The use of the S. meliloti nucleotide sequence helped in the identification of genes 
related to nitrate and IAA. The physical map of the strain SmA146 with 
complementation studies demonstrated that genes involved in IAA biosynthesis and 
nitrate metabolism are on pSymA located in two different regions within the remaining 
deleted fragment ofSmA146. 
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5.2 Introduction 
Plasmids, by definition, have long been considered unessential components of 
bacterial genomes, as they were not required for an individual bacterium's survival and 
replication (Garcia de los Santos et al., 1996). However, plasmids confer additional, 
dispensable traits that enhance the ability of bacterial populations to colonise and 
compete in natural communities (Garcia de los Santos et al., 1996). 
Bacteria from the genus Rhizobium are characterized by the presence of up to I 0 
large plasmids (Hynes et al., 1989; Garcia de los Santos et al., 1996). In many species of 
Rhizobium, the nodulation and fixation genes are located on the symbiosis plasmid 
(pSym) (Garcia-de los Santos et al., 1996). 
5.2.1 Identification and isolation of nodulation genes 
The identification and isolation of genes involved in nodulation and fixation in 
Rhizobium strains can be achieved in several ways. 
First, the use of heat-curing (Garcia de los Santos et al., 1996; Brom et al., 1992), 
however, the megaplasmids have been recalcitrant to curing in S. meliloti and their 
analyses have been carried out by genetic techniques that had lead to the generation of 
large deletions (Charles and Finan, et al., 1991; Oresnik et al., 2000). 
Second, Tn5 insertion mutagenesis has been used to identify genes in genetic and 
physical studies of large replicons by cloning large fragments of pSym into the self-
transmissible broad-host range vector RP4 (Juillot et al., 1984). This technique was used 
in studies of the pSym of S. meliloti, which is not transmissible at a high frequency 
(Juillot et al., 1984). With the complementation S. meliloti Nod- and Fix- mutants, Batut 
et al (1985) were able to investigate the genetic organisation of the pSym plasmid of S. 
meliloti. Renalier et al. (1987) used the same method to identify gene reiterations of 
nod, nifandfix genes inS. meliloti Rm2011. These gene sequences were found repeated 
in at least 6 locations in the genome and were all found to be functional. Similar work 
using other types of broad host range plasmids to transfer symbiotic genes to other 
strains such as Lignobacter and Pseudomonas have also been used to identify genes 
involved in symbiosis (Plazinski and Rolfe, 1985; Friedman et al., 1982). 
Third, the broad host range cosmid vector, pLAFRl, can be used to clone large 
inserts of DNA for genetic studies of Gram-negative bacteria, which are not easily 
transformed (Long et al., 1982). The plasmid, functionally equivalent toR-primes (e.g., 
RP4 plasmids) is an EcoRI cloning vector (Friedman et al., 1982). The vector, when 
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ligated to DNA fragments (15-31Kb) can be packaged in vitro into 'A phage heads and 
used to infect E. coli at high efficiency (Friedman et al., 1982). Furthermore, clone banks 
can be conjugated en masse and can be used to complement directly auxotrophic 
mutations in S. meliloti (Friedman et al., 1982; Long et al., 1982). Such methods have 
helped in the identification and the cloning of nod genes in S. meliloti Sm 1021 (Long et 
al., 1982). Using similar methods, Lewis-Henderson (1991) used pLAFR3 to identify 
negatively and positively acting traits in the nodulation of cv. woogenellup by 
Rhizobium strains TAl and ANU794. In addition, the major advantage of cloning 
Rhizobium DNA in broad host range vectors such as RP4 and pLARF1 is that the 
replicon will function in Rhizobium cells (Friedman et al., 1982). 
5.2.2 Functions of plasmids: problems and techniques 
Apart from the symbiosis plasmid, little is known about the functions or role other 
plasmids in symbiosis (Hynes et al., 1989). These plasmids are extremely stable and 
difficult to cure (Hynes et al., 1989) making a detailed analysis very difficult (Simon, 
1984), particularly as they may lack selectable markers or are transfer-deficient (Simon, 
1984). These problems may be overcome by the use of the Tn5-Mob, a transposon that 
allows mobilisation of plasmids by RP4, and permits the transfer of plasmids to 
recipient strains (Simon, 1984). The Tn5-Mob carries the RP4-specific Mob site within 
it allowing the labeling of nonsymbiosis plasmids with a selectable antibiotic resistance 
marker (Simon, 1984). Hynes et al. (1986) demonstrated by this technique that the two 
megaplasmids of Sinorhizobium meliloti Rm2011 were involved in the effective 
nodulation of alfalfa by transferring them into Agrobacterium tumefaciens, and by the 
hybridisation and the complementation of the extracellular polysaccharide (EPS-) 
mutants of S. meliloti. Similar studies have been done with other strains of Rhizobium, 
such as Rhizobium phaseoli (Martinez et al., 1987) and another Sinorhizobium meliloti 
strain AK613 (Wong et al., 1983). 
These are powerful tools in identifying genes or DNA regtons when used in 
biological assays because the transconjugants or mutants yield readily identifiable 
phenotypes (Hynes et al., 1989; Simon, 1984; Friedman et al., 1982; Long et al., 1982; 
Renalier et al., 1987; Wong et al., 1983; Martinez et al., 1987). 
The use of BACs to create libraries is an important tool for positional cloning, 
physical mapping and genome sequencing especially of the pSymA megaplasmid of S. 
meliloti 1021 (Barloy-Hubler et al., 2000). BAC vectors utilise the E. coli single copy 
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fertility plasmid and can maintain genomic DNA fragments up to 350kb. A set of 19 
BAC clones with minimal overlap can cover the pSymA megaplasmid (Barloy-Hubler 
et al., 2000). These BAC clones served as a scaffold to order contigs and to confirm 
correct assembly of the S. meliloti pSyma megaplasmid nucleotide sequence (Barnett et 
al., 2001). 
Such techniques have been useful in determining the function of plasmids especially 
the pSymA megaplasmid and key genes needed by S. meliloti to establish a symbiotic 
interaction with its legume host. Strong evidence suggests the pSymA megaplasmid is 
responsible for the rice growth inhibition. To increase our understanding of Rhizobium-
rice interaction, such techniques together with the physical map and nucleotide . 
sequence of pSymA megaplasmid may be used to pinpoint genes responsible for the 
'rice growth inhibition phenotype' observed in rice growth assays. 
5.3 Aim of this chapter 
In this chapter I will identify, using rice plant growth assays and the nucleotide 
sequence of S. meliloti, key genes and DNA regions in the pSymA megaplasmid 
involved in the inhibition of rice growth. By the transfer of plasmids to non-inhibitory 
strains, I will demonstrate, which megaplasmids pSymA or pSymB are responsible for 
rice growth inhibition. Using cosmid libraries, BAC clones and R-primes containing 
DNA fragments of pSymA, I will pinpoint and identify regions involved rice growth 
inhibition. The nucleotide sequence of pSymA megaplasmid and its physical map was 
used as a scaffold to locate nitrate and IAA related genes in the deleted region of the 
pSyma deleted derivative ofSm1021 strain SmA146. 
5.4 Materials and methods 
5.4.1 Bacterial culture and plant inoculation 
Routine sub-culturing of rhizobia was done on BMM plates at 28°C and E. coli on 
LB at 37°C. Antibiotics were incorporated into plates whenever rhizobia and E.coli 
strains carried a marker as in section 2.4.1. For rice plant assays, strains were grown on 
BMM for 3 d and E. coli strains for overnight on LB with respective antibiotic markers 
(section 2.4.1). Colonies were resuspended in sterile water to an OD6oonm 0.1 to 
inoculate rice plants (section 2.5.3). For nodulation assays, colonies were grown 
overnight to an OD6oonm between 0.2 and 0.3 in BMM liquid medium (section 2.5.2). 
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5.4.2 Bacterial Strains used in this study 
Table 5.1 Bacterial strains used in this study 
Strain Characteristics 
Sinorhizobium meliloti 
Reference/Source 
Sm2011 Spontaneous streptomycin-resistant derivative of J. Denarie 
S. meliloti SU47, wild type, Nod+, Fix+ on 
Sm2011-14 
Sm2011-8 
alfalfa 
S.meliloti 2011 carrying Tn5-B12S insert 14 in 
pRme2011a, with RP4-4, Nmr Smr Tcr 
S.meliloti 2011 carrying Tn5-B12S insert 8 in 
pRme2011b, with RP4-4, NmrsmrTcr 
Hynes et al. 1989, 
Oresnik et al. 2000 
Hynes et al. 1989 
Sm1021 Spontaneous streptomycin-resistant derivative of Meade et al. 1982 
S. meliloti SU47, wild type, Nod+, Fix+ on 
SmA146 
alfalfa 
2011 carrying a 750-kb deletion in pRm2011a, 
Nod-, Fix-
Rhizobium leguminosarum bv. trifolii 
R4 (Rif') R. leguminosarum bv. trifolii from rice root 
rhizosphere, Rif 
W14-2(c) (Rif) W14-2 cured ofpRtrW14-2 a,b,d, Nod- on 
crimson clover, Rif 
Escherichia coli 
Oresnik et al. 2000 
This study 
This study 
HB101 Rif, F, hsdS20 (r-, m), Ara-14, proA2, galKZ, Chen 1987 
rpsL20, xyl-5, mtl-1, supE44, /acYl, recAl3, 'A-
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Table 5.1 continued 
Inc Plasmids 
RP4-4 
RP4 
pGMI540 
pGMI42 
pTH2 
pGMI53 
pRK2013 
Hedges and Jacob 
1974 
Datta et al. 1971 
pGMI500 derivative containing Hindll/ Batut et al. 1985 
fragment 33b-5-27 of pGMI42 
RP4-prime carrying 290 kb ofpSym 2011 with Julliot et al. 1984 
Tn5 insertion No. 20 in the nif region, Tra + Tcr 
Apr Kmr Bleor Smra 
pLAFR1 (cosmid derived from pRK290 Batut et al. 1985 
plasmid) derivative, Tcr 
RP4-prime carrying 70 kb ofpSym 2011 with Renalier et al. 1987 
Tn5 insertion No. 20 in the nifregion, Tra+ Tcr 
Apr Kmr Bleor Smr 
HB 101 derivative, helper plasmid for Ditta et al. 1980 
mobilisation into rhizobia, Kmr 
Nod+ =ability to nodulate, Nod- = inability to nodulate, Fix+ = ability to fix nitrogen, 
Fix-= inability to fix nitrogen 
5.4.3 Mass-conjugation of Rhizobium clone banks 
The S.meliloti-pLAFRl clone bank derived from a partial EcoRI digest of 
nodulation-proficient strain 1021 DNA (Long et al., 1982) and the R. leguminosarum 
bv. trifolii- pLAFR3 clone bank TAl (Lewis-Henderson, 1991), were both maintained 
in E.coli HB101, and were mass-conjugated into R. leguminosarum bv. trifolii strain 
R4, in a triparental mating using E.coli strain HBlOl, carrying the helper plasmid 
pRK2013. Triparental matings were done on Tryptone Yeast agar large plates (15 em 
diameter), which were incubated overnight at 29°C. These were replica plated onto 
TMR (Tetracycline 4 !Jg mL-1) to select for transconjugants. Single colonies, which 
grew on selective medium, were purified and subcultured on fresh selective medium, 
and transferred to BMM (Tetracycline 4 !Jg mL-1). 
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5.4.4 Conjugation using RP4-primes or pLAFRl derivatives 
The RP4-primes used, were pGMI42 (Julliot et al. 1984), pGMI53 (Batut et al. 1985) 
and pGMI540 (Renalier et al. 1987) that contained DNA fragments of S.meliloti 2011 
pSymA, and RP4 (Datta et al. 1971). They were transferred from donor E.coli strains 
PK1 046 (Julliot et al. 1984) and C600 (Renalier et al. 1987) into the recipient S.meliloti 
pSymA deletion mutant, SmA14-6 (Oresnik et al. 2000). Triparental matings were done 
on Tryptone Yeast agar plates, which were incubated overnight at 29°C as in section 
2.1.4. These were replica plated onto TMR medium containing Ampicillin 
(50 !lg mL-1), Kanamycin (30 Jlg mL-1) and Tetracycline (10 Jlg mL-1) to select for 
transconjugants. Single colonies, which grew on selective medium were purified and 
subcultured on fresh selective medium, and transferred to BMM supplemented with 
appropriate antibiotics. A similar method was used to transfer pLAFR1 derivative, 
pTH2 from a donor E.coli strain HB101 (Batut et al. 1985) where the transconjugants 
and single colonies were isolated and purified on TMR and BMM supplemented with 
Tetracycline (10 !lg mL-1). 
5.4.5 Rifampicin resistantR. leguminosarum bv. trifolii strains R4 and W14-2 (c) 
R. leguminosarum bv. trifolii strains R4 (Yanni et al., 1997) and W14-2 (c) (Moenne-
Loccoz and Weaver, 1995) were grown on TY plates for 3 days. Then single colonies 
were streaked onto TY plates supplemented with Rifampicin at 1 0, 20, 50, 1 00 or 150 
Jlg mL-1. The agar plates were then incubated at 29°C until single colonies grew. 
5.4.6 Conjugation of Sinorhizobium meliloti symbiotic plasmids pRme201la and 
pRme2011b in Rifampicin resistant R. leguminosarum bv. trifolii strains R4 and 
W14-2 (c) 
S. meliloti 2011 strains, Sm2011-14 and Sm2011-8 (Hynes et al., 1989, Oresnik et 
al., 2000) were used as donors to mobilize their respective Tn5-B12S labelled 
megaplasmid pRme20lla and pRme2011b into Rif resistant R. leguminosarum bv. 
trifolii strains R4 and W14-2(c) using the method of Hynes et al. (1989). 
Transconjugants were selected by using TMR agar plates supplemented with 
Rifampicin (50 Jlg mL-1) and Neomycin (100 Jlg mL-1) and Tetracycline (5 Jlg mL-1). 
Single colonies, which grew on selective medium, were then transferred to TY 
(Rifampicin 50 Jlg mL-1, and Neomycin 100 !lg mL-1 and Tetracycline (5 f.lg mL-1). 
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5.4.7 Screening of transconjugants of Rhizobium leguminosarum bv. trifolii strain 
R4 containing pLTAl and S.meliloti-pLAFR11021 cosmid libraries 
Transconjugants, from the triparental matings in section 5.4.3, were inoculated on 
rice seedlings cv. Pelde, as in section 2.5.3, to determine the genes involved in the rice-
Rhizobium interaction. Three rice seedlings were used for each transconjugant. After 90 
min inoculation, each rice seedling was transferred to a Falcon tube containing lOmL 
sterile Fl 0 and a perforated Eppendorf tube to maintain the seed and shoot above the 
media and to allow the rice root to have contact with the media (Figure 5.1). The Falcon 
tubes were then partially sealed with a lid so as to allow gas exchange to occur. The 
inoculated plants were then grown under rice conditions (section 2.2.2) for 7-lOd. 
5.4.8 Screening of S.meliloti SmA14-6 transconjugants on rice growth 
S. meliloti SmA14-6 transconjugants from section 5.4.4 were used as inoculants on 
rice seedlings of cv. Pelde in FlO medium for 21 d, as in section 2.5.3, to determine the 
specific regions on the megaplasmid pSymA involved in the rice-Rhizobium interaction. 
5.4.9 Screening of R. leguminosarum bv. trifolii R4 and W14-2(c) transconjugants 
with pRme2011a and pRme2011b 
Three-days-old germinated rice seedlings of cv. Pelde were inoculated with R. 
leguminosarum bv. trifolii R4 and W14-2(c) transconjugants selected on their antibiotic 
resistance to Neomycin, Tetracycline and Rifampicin (section 2.4.7) to determine the 
possible role of pRme2011a (pSymA) and pRme2011b (pSymB) in the interaction of 
Rhizobium with rice (section 2.5.3). Transconjugants were also tested for their ability to 
nodulate M. truncatula as in section 2.5.2. 
5.4.10 Statistical analysis 
All data analyses were done as in section 2.7. 
5.4.11 Database searches 
The nucleotide sequence of S. meliloti Sm1021 
(http://sequence.toulouse.inra.fr/meliloti.html) was interrogated using iANT searches 
for nitrate and IAA related genes in the genome and especially in the pSymA 
megaplasmid. In conjunction with physical maps of the pSymA derived from BAC 
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clones (Barloy-Hubler et al., 2000) and the pSymA deleted derivative, SmA146 
(Oresnik et al., 2000), genes of interest were mapped to their relative location in pSymA 
and genes, located in the pSymA deleted region of the characterised strain SmA146, 
were identified. 
5.4.12 Plasmid gel proiiJ.es 
Plasmid gel profiles were visualised by using a modification of the method of 
Eckhardt (1978) in which horizontal agarose gels are used as in section 2.6. 
5.5 Results 
5.5.1 Tn5-Mob constructs of S. meliloti Rm2011 inhibited rice growth and 
nodulated M. truncatula 
To investigate if Tn5-Mob constructs of Rm2011 could also inhibit rice seedling 
growth, rice plants were inoculated with S. meliloti wild-type strains Sm1021 and 
Rm2011 and Tn5-Mob constructs Rm2011-14 and Rm2011-8 (Table 5.1) as in section 
2.5.3. At 21 d, the growth of the rice seedlings cv. Pelde grown in liquid FlO inoculated 
with Sm1021, Rm2011, Rm2011-14 and Rm2011-8 was inhibited and the leaves were 
yellow (Figure 5.2). The roots were also stunted forming short lateral roots compared to 
the uninoculated control rice plants at 21 d (Figure 5.2). 
M truncatula seedlings inoculated with strains Rm2011-14, Rm2011, Rm2011-8 and 
Sm1021 formed nodules after 14 d. 
5.5.2 pSymB is not involved in rice growth inhibition when transferred to a R. 
leguminosarum bv. trifolii strain R4 background 
To investigate which megaplasmids of Sm1021 was responsible for rice growth 
inhibition, strains Rm2011-14 and Rm2011-8 were used as donors to transfer pSymA 
and pSymB respectively into the non-inhibitory strain R4. 
In order to differentiate Rhizobium leguminosarum bv. trifolii and S. meliloti strains, 
the non-inhibitory strain R4 was streaked out on TY plates containing various 
concentrations of Rifampicin as in section 5.4.5. Rifampicin resistant colonies of strain 
R4 were then crossed with strains Rm2011-14 and Rm2011-8 respectively (section 
5.4.6). Both strains Rm2011-14 and Rm2011-8 contain Tn5-Mob with Neomycin 
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resistance on pSyrnA and pSymB megaplasmids. Transconjugants were then selected by 
their resistance to Neomycin (100 mgrnL-1) and Rifampicin (50 mgrnL-1). 
The bacterial cross of strain R4 (Rif) and Rrn2011-14 was unsuccessful as no 
bacterial colonies grew on selecting TMR plates after one week. The bacterial cross 
between strain R4 (Rif) and Rm2011-8 was successful and 7 suspected tranconjugant 
colonies were then purified. Colonies of transconjugants appeared mucoid, similar to 
strain R4. Plasmid gel profiles (section 5.4.13), nodulation test (section 5.4.1) and rice 
plant assays (section 5.4.9)were used to characterise the tranconjugants. 
In rice growth assays, plants inoculated with R4 (Rif) appeared normal and 
displayed a similar pattern of development to uninoculated rice plants up to 21 d (Figure 
5.2). The growth of Sm1021 inoculated rice seedlings was inhibited in growth (Figure 
5.2). The growth of rice plants treated with seven R4-8 transconjugant isolates was 
unaffected up to 21 d (Figure 5.2). 
The transconjugants were also tested for their ability to nodulate M truncatula. After 
3 weeks, R4-8 transconjugants were used to inoculate 168 seedlings of M truncatula. 
No nodules were formed on the legume plants. The plasmid gel profiles (Figure 5.3) 
confirmed R4 transconjugant strains contained an extra band, which corresponded to 
pSyrnB megaplasmid ofRm2011-14, Rm2011-8 and Sm1021 suggesting that pSyrnB is 
not responsible for the inhibition of rice growth. 
5.5.3 pSymA is responsible for the inhibition of rice growth in the background 
Rhizobium leguminosarum bv. trifolii strain W14-2(c) 
To determine which megaplasmids of Sm1021 is involved in the rice growth 
inhibition, Tn5-Mob constructs of Rm2011, Rm2011-14 and Rrn2011-8, were used as 
donors to tranfer pSyrnA and pSyrnB megaplasmids of Rm2011 into a non-inhibitory 
background R. leguminosarum bv. trifolii strain W14-2(c). 
To differentiate Rhizobium leguminosarum bv. trifolii and S. meliloti strains, the non-
inhibitory strain W14-2(c) was streaked out in TY plates containing various 
concentrations of Rifampicin as in section 5.4.5. Rifampicin resistant colonies of strain 
W14-2(c) were then crossed with strains Rm2011-14 and Rm2011-8 (section 5.4.6). 
Both strains Rm2011-14 and Rm2011-8 contain Tn5-Mob with Neomycin resistance on 
pSyrnA and pSyrnB megaplasmids. Transconjugants were selected by their resistance to 
Neomycin (1 00 J..LgrnL- 1) and Rifampicin (50 J..LgmL-1). The bacterial cross was 
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successful with strain W14-2(c) (Rif') and Rm2011-14. When strain W14-2(c) was 
grown on TY plates supplemented with Rifampicin it formed rough colonies, while 
strain W14-2(c)-14 transconjugants formed mucoid colonies. There were 6 colonies, 
which were used as inoculant in rice plant assays. 
The bacterial cross between strain W14-2(c) (Rif') and Rm2011-8 was successful and 
2 suspected tranconjugant colonies were then purified. Colonies of transconjugants 
appeared very rough and took a longer period to grow on TY plates supplemented with 
selective antibiotics. Plasmid gel profiles (section 5.4.13), nodulation test (section 5.4.1) 
and rice plant assays (section 5.4.9) were used to characterise the tranconjugants. 
In rice growth assays, plants inoculated with W14-2(c) (Rif') appeared normal and 
displayed a similar pattern of development to uninoculated rice plants up to 21 d (Figure 
5.4). Rice seedlings inoculated with strain Sm1021, Rhizobium strain ANU843, strain 
W14-2 and Tn5-Mob constructs of Rm2011 were stunted in growth (Figure 5.4). Rice 
plants treated with two W14-2 (c)-8 transconjugants had no effect on rice growth after 
21 d (data not shown). Strain W14-2(c)-8 treated rice plants had green leaves and 
displayed a normal pattern of root development (Figure 5.4). 
Rice plants, inoculated with suspected W14-2(c)-14 transconjugants, were stunted in 
growth at 14 d and 21 d (Figure 5.4). The root morphology was similar to rice plants 
treated with inhibitory strains of Rhizobium i.e. short lateral roots compared to 
uninoculated and non-inhibitory treated rice plants at 21 d (Figure 5.4). The inhibition 
effect of the Wl4-2(c)-14 transconjugants on rice plants was similar to rice plants 
inoculated with Tn5-Mob constructs of Rm2011 (Figure 5.3 and 5.4). This suggested 
that pSymA is responsible for the inhibition of rice seedlings cv. Pel de grown in liquid 
FlO medium. 
The transconjugants were also tested for their ability to nodulate M. truncatula. After 
3 weeks, W14-2(c)-8 transconjugants were used to inoculate 28 seedlings of M 
truncatula. No nodules were formed on the legume plants. M. truncatula (n=144) 
inoculated with W14-2(c)-14 transconjugants formed nodules confirming that pSymA 
megaplasmid was present in W14-2(c) strain (Figure 5.4). No nodules were formed on 
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M truncatula seedlings inoculated with wild-type strain W14-2 and W14-2(c) 
(Figure 5.4). 
Plasmid gel profiles (Figure 5.3) demonstrated that transconjugant strain contained 
only one band, which correlated to the p(c) plasmid in W14-2 (c) suggesting that 
pSymB either was not transferred to the strain or that it was lost prior to running the gel. 
It was noted that when the transconjugants W14-2(c)-8 were grown in liquid HP 
supplemented with antibiotics, they did not grow. Therefore, when the strains were 
grown in liquid HP without antibiotics, and the transconjugants may have lost the 
pSymB megaplasmid of strain Rm2011 since there was no Neomycin to selectively 
maintain the plasmid in the W14-2(c) background. 
Plasmid profile gels were generated for all W14-2(c)-14 transconjugants (Figure 
5.3). All transconjugants contained 2 bands corresponding to pSymA and the RP4-4 
plasmid. No bands corresponding to the p( c) plasmid could be seen, suggesting that the 
transconjugants may had lost its p( c) plasmid due to incompatibility. 
Strain W14-2 (pl), the plasmid-free derivative of R. leguminosarum bv. trifolii W14-
2, was used to cross with Rm2011-14 and Rm2011-14, but the crosses were 
unsuccessful. 
5.5.4 Use of the cosmid libraries of TAl and Sm1021 to complement the non-
inhibitory strain R4 for rice growth inhibition was unsuccessful 
To determine whether or not particular regions of DNA were responsible for rice 
growth inhibition, R. leguminosarum bv. trifolii TAl and S. meliloti Sm1021 cosmid 
libraries were used to complement the non-inhibitory strain R4 for the rice growth 
inhibition phenotype. Cosmid banks of strains TAl and Sm1021 were chosen as both 
inhibited rice growth. 
Strain R4 was crossed with 2000 clones of TAl as in section 5.4.3. Transconjugants 
of strain R4 with pLARF3 plasmid containing TAl DNA fragments (Tc) were then 
purified and then used to inoculate rice seedlings as in section 5.4.7. Out of 2000 
transconjugants, one did inhibit rice growth at 7-10 d. The shoots of three rice seedlings 
inculated with R4-B8 (22) were yellow. The transconjugant known as R4-B8 (22) was 
again used to inoculate rice seedlings to confirm previous results, but in this case no 
inhibition was observed. 
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Strain R4 was then crossed with the Sm1021 cosmid library. The Sm1021 cosmid 
library contained 2500 clones. The 960 surviving clones of the Sm1021 cosmid bank 
were used to complement strain R4. The bacterial crosses were done as in section 5.4.3. 
250 transconjugants were isolated, purified and then used to inoculate 3 rice seedlings 
each as in section 5.4.7. At 7-10 d, all seedlings appeared normal and showed no 
symptoms of inhibition. All rice seedlings inoculated with Sm1021, TAl or ANU843 as 
a negative control, as in section 5.4.7, were inhibited in growth at 7- 10 d. All R4 
treated rice seedlings had green shoots and displayed a similar pattern of growth to 
uninoculated rice seedlings. 
5.5.5 Candidate inhibitory genes are located on 450Kb of the deleted region of 
SmA146 
The removal of half of the plasmid in pSymA deleted strain SmA146 meant that this 
strain had no effect on rice growth while its wild-type strains Sm1021 and Rm2011 
inhibited rice growth. 
To complement SmA146 with the inhibitory genes, R-primes and pLARFl plasmids, 
pGMI42, pGMI53, pGMI540, RP4 and pTH2, containing DNA fragments ofthe deleted 
region of the pSymA megaplasmid were transferred to the non-inhibitory SmA146 (as 
in section 5.4.4). The SmA14-6 transconjugants were used to inoculate rice seedlings 
cv. Pelde. The inoculated rice seedlings were then grown as in section 5.4.8. 
At 21 d, Sm1021 treated rice plants were all inhibited in growth (Figure 5.5). 
SmA146 treated rice plants showed no effect (Figure 5.5). SmA146 transconjugants 
containing pGMI42, pGMI540 or pTH2 did not affect rice growth (Figure 5.5). The 
same observations were made with rice plants inoculated with SmA146 transconjugants 
containing RP4 or pGMI53 (data not shown). This suggests that the remaining 450Kb 
in the deleted region of SmA146 contained the inhibitory genes needed for wild-type 
strains Sm1021 and Rm2011 to cause rice growth inhibition. 
The only strains, which could nodulate M. truncatula, were the SmA146-pGMI42 
transconjugants (Figure 5.5) confirming that nod andfzx genes are not involved in rice 
growth inhibition. 
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5.5.6 Genes related to IAA synthesis and nitrate reduction are present in the 
450Kb DNA fragment of the deleted region of SmA146 
From the work described in previous chapters and this chapter, it appears that nitrate 
and IAA are involved in rice growth inhibition. All rice plants treated with inhibitory 
strains of rhizobia and the sequenced strain Sm1021 formed short lateral roots and had 
stunted shoot growth and yellow leaves. Furthermore, plants treated with IAA and 
nitrate in the absence of rhizobia showed a similar pattern of rice growth inhibition to 
Sm I 021 treated rice plants. 
To investigate if nitrate and IAA related genes were present in the deleted region of 
the pSymA megaplasmid in the strain SmA146, databases searches were done using the 
nucleotide sequence of S. meliloti Sml021 and the physical map ofpSymA (Oresnik et 
al., 2000) as in section 5.4.11. 
The results showed that in the remaining 450Kb DNA fragment, not covered by all 
the R-primes and pLAFRI plasmids in strain SmA146 (section 5.5.5), two genes related 
to IAA synthesis (Table 5.2) and nitrate metabolism (Table 5.3) were identified (Figure 
5.6). 
Table 5.2 IAA synthesis genes located in the deleted region of strain SmA146 
Accession Gene name Protein description 
number 
SMal935 AA WrbA3 Probable WrbA3 Trp repressor 
binding protein 
SMa2031 AA SMa2031 Putative non-heme 
chloroperoxidase 
SMa2032 AA SMa2032 Putative non-heme 
chloroperoxidase 
SMal761 AA SMal761 Putative aminotransferase 
SMal855 AA SMal855 Putative aminotransferase 
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Table 5.3 Nitrate metabolism genes located in the deleted region of strain SmA146 
Accession number Gene Protein description 
name 
SMal232 AA Nape Nape membrane protein, e-
-
donor to periplasmic nitrate 
reductase 
SMal233 AA NapB NapB periplasmic nitrate 
-
reductase 
SMal236 AA napA NapA periplasmic nitrate 
-
reductase 
SMal239 AA napD NapD component of 
-
periplasmic nitrate reductase 
SMal240 AA napF NapF Ferredoxin component of 
-
periplasmic nitrate reductase 
SMal241 AA napE NapE component of 
-
periplasmic nitrate reductase 
SMal247 AA nirV NirV periplasmic nitrate 
-
reductase 
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5.6 Discussion 
5.6.1 The pSymA mega plasmid is involved in the inhibition of rice growth 
In this chapter, I describe strong evidence for the presence of genes encoded on the 
pSymA megaplasmid inhibiting the growth of rice seedlings cv. Pelde grown in FlO 
liquid medium. By the mobilisation of the pSymB into non-inhibitory strains of 
Rhizobium, strains R4 and W14-2(c), no rice growth inhibition was observed. No 
yellowing of the shoots and no stunted lateral roots were observed in rice seedlings 
inoculated plants with transconjugants containing the pSymB megaplasmid. In the case 
of the W14-2(c) tranconjugants containing the pSymB megaplasmid, the root dry mass 
of rice seedlings was lower than in the uninoculated seedlings and those treated with. 
strain W14-2(c). This suggests that strain W14-2(c) may still contain genes, which in 
the presence of the pSymB megaplasmid could interact and affect rice growth but not to 
the same extent as its wild-type strain W14-2, and Tn5-Mob constructs of strain 
Rm2011 and the transconjugants containing the pSymA megaplasmids (Figure 5.4). 
In plasmid gel profiles, some of the transconjugants, such as strain W14-2(c), which 
contained the pSymB plasmid did not show a band corresponding to the band of pSymB 
megaplasmid in wild-type strains, Sm 1021 or the Tn5-Mob constructs of strain Rm20 11 
(Figure 5.3). Furthermore, transconjugants of strain W14-2(c) containing the pSymA 
megaplasmid appeared to have lost one band corresponding to the p{ c) plasmid in the 
non-inhibitory strain W14-2(c) (Figure 5.3). In these cases, this highlights the 
disadvantage of the Tn5-Mob method due to the incompatibility with indigenous 
plasmids in recipient strains (O'Connell et al., 1987). Hynes et al. (1985) developed 
plasmid-free strains of Agrobacterium tumefaciens using the incompatibility of the S. 
meliloti megaplasmid to eliminate the indigenous Ti plasmid. The Tn5-Mob method has 
other disadvantages such as the lack of expression of the plasmid encoded trait when 
inserted into other genetic backgrounds (Hynes et al., 1989) or the formation of 
cointegrates with other plasmids (Hynes et al., 1988), which can make it impossible to 
identify phenotypes. 
99 
Chapter 5: Megaplasmid pSymA of Sinorhizobium meliloti Sm1021 
5.6.2 Remaining 450Kb DNA region in the pSymA encodes two sites related to 
nitrate metabolism and IAA synthesis 
As the characterised pSymA deleted derivative ofRm2011, SmA146, did not inhibit 
rice growth, R-primes and pLARF1 plasmids covering a 300Kb region of the deleted 
pSymA megaplasmid were used to complement strain SmA146 for rice growth 
inhibition. The individual R-prime and pLARF1 constructs (Figure 5.5 and 5.6) did not 
complement the pSymA plasmid deleted derivative SmA146 suggesting that at least 
300Kb of the deleted region ofpSymA is not involved in rice growth inhibition. 
However, as previous studies suggest that the rice-Rhizobium interaction is complex, 
the possibility that the 300Kb region may contain genes that interact with each other to 
cause rice growth inhibition, and the use of individual R-primes or pLARF1 make it 
impossible to identify the phenotype in rice growth assays. 
With the use of the genome sequence ofpSymA of S. meliloti Sm1021, the physical 
map of the pSymA deleted strain SmA146 and the R-primes, two sites were identified 
related to IAA and nitrate (Figure 5.6). Though many genes have unknown functions, 
genes related to IAA synthesis (Table 5.2) and nitrate metabolism (Table 5.3) were 
identified. These included tryptophan repressor binding protein (Sma1935). Tryptophan 
is a major precursor for IAA synthesis and the repressor binding protein is involved in 
the synthesis or the catabolism of tryptophan by activating various genes in the presence 
or absence of tryptophan. 
Two putative aminotransferases were also found. The initial reaction, the conversion 
of tryptophan into indole-3-pyruvate, is catalysed by an aromatic aminotransferase 
(Zimmer et al., 1991; Kittel et al., 1989). Such enzymes are known to be involved in the 
conversion of tryptophan into IAA in Azospirillum (Ernstsen et al., 1987; Kittel et al., 
1989). In addition, two non-heme chloroperoxidases were found (Table 5.2). 
Chloroperoxidases are known to interact with IAA (Reinecke, 1999). The presence of 
the tryptophan repressor binding protein, aminotransferases and chloroperoxidases may 
cause an increase in the level of IAA thus resulting in rice growth inhibition. 
Genes involved in nitrate reduction, especially the components of the periplasmic 
nitrate reductase, which reduce nitrate to nitrite were also found. The periplasmic nitrate 
reductase may contribute to high nitrite levels in the medium causing rice growth 
inhibition. 
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In the next two chapters, the involvement of those two key regions in the pSymA 
megaplasmid will be explored to determine their role in rice growth inhibition. 
101 
Chapter 5: Megaplasmid pSymA of Sinorhizobium meliloti Sm1021 
102 
ll~----D 
c 
11---+---8 
A 
Figure 5.1 Schematic representation of rice seeling grown in a Falcon tube 
A. Falcon tube filled with1 Oml liquid F1 0 medium; B. Rice seedling; 
C. Perforated Eppendorf tube and; D. Lid. 


Figure 5.2 Effect of Tn5-Mob constructs on the growth of rice seedlings 21 
d after inoculation in liquid FlO medium. (A) Plants were inoculated with S. 
meliloti strain Sm1021, Rm2011-14, Rm2011-8 and R. leguminosarum bv. 
trifolii strain R4 (Rif) and; (B) Plants were inoculated with Sm1021, and R. 
leguminosarum bv. trifolii strain R4 (Rif) and transconjugants R4-8 
(pSymB) on the growth of rice seedlings at 21 d. 
-


Figure 5.3 Plasmid gel profiles of rhizobia 
(A) Tn5-Mob contructs S.meliloti Rm2011-8, Rm2011-14 and wild-type 
strain Sml021 (M.Hynes); (B) Rhizobium leguminosarum bv. trifolii strain 
R4, S. meliloti strains Sm1021, Rm2011-14, Rm2011-8 and Rhizobium 
leguminosarum bv. trifolii R4-8 transconjugants (a) and (b); (C) Rhizobium 
leguminosarum bv. trifolii strain W14-2p(c), S. meliloti strains Rm2011-14 
and Rm2011-8, Rhizobium leguminosarum bv. trifolii strain W14-2p(c)-14 
transconjugants (a,b and c) and Rhizobium leguminosarum bv. trifolii strain 
Wl4-2p(c)-8 transconjugants; pSymA= 1.4 Mb and pSymB=1.7 Mb, 
Sm2011-14 and Sm2011-8 contain the helper mobilising plasmid RP4-4. 
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Figure 5.4 Effect of Rhizobium leguminosarum bv. trifolii W14-2p(c) 
transconjugants on rice plants and berseem clover; (A) Rice plants at 14 d 
post inoculation with R. leguminosarum bv. trifolii strain ANU843, S. 
meliloti Sm1021 and R. leguminosarum bv. trifolii W14-2p(c)-14 (pSymA) 
transconjugants in FlO medium (B) Growth of shoot was assessed at 21 din 
liquid NFM containing 10 mM KN03; Bars indicate the LSD for the log 
(dry mass)(mg) of root and shoot at the 95% level (P=0.05); (C) Effect of S. 
meliloti Rm2011-14 and Rm2011-8, R. leguminosarum bv. trifolii wild-type 
strain W14-2, the transconjugant, strain W14-2p(c)-14 (pSymA) and strain 
W14-2p(c) at 21 d; (D) Inoculation and effect of rhizobia on Medicago 
truncatula after 14 d; (a) Rm2011-14; (b) Rm2011-8; (c) W14-2; (d) W14-
2p(c)-14 transconjugant; (e) W14-2p(c) and (f) W14-2p(c)-8 transconjugant 
(white arrows indicate nodules). 
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Figure 5.5 Effect of S. meliloti SmA146 constructs on Medicago truncatula 
at 14 d and rice seedling growth; (A) M. truncatula plants were inoculated 
with SmA146 constructs; (a) control; (b) Sm1021; (c) SmA146; (d) 
SmA146-pTH2; (e) SmA146-RP4; (t) SmA146-pGMI540; (g) and (h) 
SmA146-pGMI42 (nodules=white arrows); (B) Rice plants inoculated with 
S. meliloti Sm1021 and its pSymA deleted strain SmA146, and SmA146-
pTH2, SmA146-pGMI540 and SmA146-pGMI42 were grown in FlO 
medium and growth of root and shoot were assessed at 21 d (n=71); Bars 
indicate the LSD for the log (dry mass)(mg) of root and shoot at the 95% 
level (P=0.05). 
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Figure 5.6 Schematic diagram of pSymA showing the relative positions of 
genes involved in nitrate metabolism (A) and IAA biosynthesis (B). The arc 
shown represents the approximate position of the 750 kB deleted region of 
SmA146. Red arcs shown represent the regions covered by the R-primes 
and pLARFl plasmids containing DNA regions of pSymA (Diagram 
adapted from Oresnik et al., 2000). 
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CHAPTER6 
IS NITRATE A CAUSE OF GROWTH INHIBITION IN RICE SEEDLINGS? 
6.1 Abstract 
The role of nitrate and nitrate reduction related genes, located on pSymA and pSymB 
megaplasmids and the chromosome, were investigated using mutagenesis and a series of 
biochemical and plant assays. The candidate genes were: RpoN located on the 
chromosome, which is a transcriptional activitor of the Ntr system; NapA, NapF and 
NirV, which are components of the periplasmic nitrate reductase system located on 
pSymA; NtrB located in pSymA megaplasmid, which is a nitrate transport permease; 
and the nitrate/nitrate regulator response protein and the nitrate transport protein located 
on pSymB megaplasmid. 
None of the mutations of the above genes affected the inhibitory interaction of Rm 
2011 (Sm1021) with rice seedlings cv. Pelde. Sm1021 also inhibited rice growth in F 
liquid medium supplemented with 1, 2 and 5 mM NaN02 as sole source of nitrogen. At 
10 mM NaN02, uninoculated rice seedlings and those inoculated with Sm1021 were 
both inhibited in growth. 
Nitrate reduction assays in test tubes and Magenta jars demonstrated that rhizobia 
can either reduce nitrate to nitrite, completely reduce nitrate to N2 or were deficient in 
nitrate reduction. The non-inhibitory wild-type strain R4, which has no effect on rice 
seedling growth, could denitrify nitrate compared to the positive control Pseudomonas 
strain P A05. 
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6.2 Introduction 
Nitrogen (N) is the major limiting nutrient for most plant species and nitrate is the 
major N source available in aerobic soils (Lucinski et al., 2002). N is also one limiting 
factor in the generation of high yields from modern N-fertiliser-responsive rice varieties 
(Stoltzfus et al., 1997) making N fertilisers the single most important purchased material 
input in rice production (Dawe, 2000). However, successful nodulation in legumes by 
Rhizobium only occurs under nitrogen-limiting conditions (Stougaard, 2000). Nitrate 
retards the development of nodules on legumes nodulated with Rhizobium strains 
(Gibson and Pagan, 1977). 
Nitrate has been shown to inhibit nitrogenase activity in legume plant nodules due to 
accumulation of nitrite (Lucinski et al., 2002) and Trinchant and Rigaud (1980) 
demonstrated that nitrite, the reduced product of nitrate, inhibited bacteriod nitrogenase 
activity. 
The enzyme, nitrate reductase, catalyses the reduction of nitrate to nitrite. Two 
hypotheses to explain the role of nitrate and/or nitrite in the inhibition of nitrogenase 
(Lucinski et al., 2002) involve the enzyme, nitrate reductase (NR). The first suggests 
that there is a competition for reducing power between nitrogenase and NR thus 
decreasing N2 fixation in the presence of nitrate. The second hypothesis states that 
nitrite from the bacteriod NR activity inhibits nitrogenase (Lucinski et al., 2002). 
Another way by which nitrate is believed to inhibit nodulation is by autoregulation 
(Caetano-Anolles and Gressholf, 1991; Caba et al., 2000). Gressholf (1993) proposed 
the auxin-burst-control (ABC) hypothesis to explain nitrate inhibition of nodule 
initiation of legumes. Nitrate increases the auxin sensitivity of root cortical cells and 
thus in the presence of nitrate, cortical cells are strongly prevented from sensing the 
Nod-factor-related auxin decrease (Caba et al., 2000). 
Work by Zhang and colleagues (1999, 2000) demonstrated that nitrate is also a key 
component in the signal transduction pathway regulating lateral root initiation, 
proliferation and elongation. Studies, using Arabidopsis mutants, demonstrated that 
there was an overlap between the nitrate and auxin response pathways in the control of 
lateral root elongation (Zhang and Forde, 2000). 
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6.2.1 Nitrate reduction 
Nitrate reduction has three different purposes: the utilisation of nitrate as a nitrogen 
source for growth (nitrate assimilation), the generation of metabolic energy by using 
nitrate as a terminal electron acceptor (nitrate respiration), and the dissipation of excess 
reducing power for redox balancing (nitrate dissimilation) (Moreno-Vivian et al., 1999). 
There are four types of nitrate reductases, which catalyse the reduction of nitrate. They 
are the assimilatory eukaryotic nitrate reductases (NR) (Campbell, 2001), and the three 
bacterial nitrate reductases: the cytoplasmic assimilatory (Nas), membrane-bound 
respiratory (Nar) and periplasmic dissimilatory (Nap) nitrate reductases (Moreno-Vivian 
et al., 1999). 
6.2.2 Eukaryotic assimilatory nitrate reduction 
Plants, fungi and algae reduce nitrate to nitrite with NR and the nitrite is then 
converted to NH/ via nitrite reductase (NiR) (Barlaan et al., 1998; Campbell, 2001; 
Galvan and Fernandez, 2001). NR in plants is regulated by nitrate, light, growth 
hormones, reduced metabolites and phosphorylation (Mohr et al., 1992; Crawford, 
1995). Nitrate/nitrite transporters and NR in Chlamydomonas are repressed by NH/ 
(Galvan and Fernandez, 2001). Rice, grown under flooded and anaerobic conditions, 
assimilates nitrate as a source of N (Barlaan et al., 1998). Nitrate is usually reduced in 
the aerial parts of most plants (Barlaan et al., 1998) within the plastids (Mohr et al., 
1992). NR activity has also been found in root tissues of many plants (Kumar and 
Burman, 1996). Vuylsteker et al. (1998) found that nitrate reductase expression 
increased in excised roots of chicory supplied with NAA and concluded that it was 
needed during the early stages of root meristem formation. 
6.2.3 Assimilatory nitrate reduction 
In assimilatory nitrate reduction, nitrate is utilised as a nitrogen source for growth 
(Morevo-Vivian et al., 1999). Nitrate is reduced to ammonia (NH/) via nitrite and the 
assimilatory nitrate reductase operates under both aerobic and anaerobic conditions 
(Konings and Boonstra, 1977). Furthermore, the formation of the assimilatory nitrate 
reductase is repressed by ammonium ions (Konings and Boonstra, 1977). NH/ is the 
preferred source of nitrogen for growth so where nitrate is the only N source, the 
rhizobia uses nitrate to produce NH/ by first reducing nitrate to nitrite (Patriarca et al., 
2002). 
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In Klebsiella oxytoca, the nas operon is responsible for the assimilation of nitrate and 
nitrite to ammonium during aerobic growth (Wu and Stewart, 1998). This system has 
been found in Bacillus subtilis and the cyanobacteria, Synechococcus sp. PCC7942 
(Richardson et al., 2001; Moreno-Vivian et al., 1999; Wu and Stewart, 1998). 
6.2.4 Dissimilatory nitrate reduction 
There are two types of dissimilatory nitrate reductases present in bacteria. TheNar 
system is associated with denitrification and anaerobic nitrate respiration. The Nap 
system is widespread among gram-negative bacteria, and is normally unaffected by 
ammonium and oxygen (Moreno-Vivian et al., 1999; Payne, 1981 ). Escherichia coli 
and Paracoccus denitrificans contain both systems (Bedzyk et al., 1999) 
The periplasmic nitrate reductase involves many genes. In E. coli, seven nap genes 
involved in nitrate reduction are clustered in the napFDAGHBC operon on the 
chromosome and are induced anaerobically and by nitrate (Moreno-Vivian et al., 1999; 
Stewart et al., 2002). While in Rhodobacter sphaeroides, Alcaligenes eutrophus and P. 
denitrificans, nap genes are located on endogenous plasmids (Moreno-Vivian et al., 
1999). In A. eutrophus, the nap system is not induced by nitrate, but maximal 
expression is observed under aerobic conditions at stationary phase (Siddiqui et al., 
1993). Furthermore, in Pseudomonas sp. strain G179 the nap gene cluster, 
napEFDABC, encoded for the periplasmic nitrate reductase, was linked to genes 
involved in the reduction of nitrite and nitric oxide (Bedzyk et al., 1999). Nap genes can 
also be expressed aerobically as well as anaerobically and in Pseudomonas sp. strain 
· , G 179, it is thought to be the first step of aerobic denitrification (Bedzyk et al., 1999). 
Bacteriods have the ability to reduce nitrate to nitrite due to presence of nitrate 
reductase (Lucinski et al., 2002). Nitrate reduction can also occur in free-living 
Rhizobium under microaerophilic conditions (O'Hara and Daniel, 1985). 
6.2.5 The role of RpoN 
Studies by Ronson et al. (1987) demonstrated that the sigma factor, cr54, encoded by 
rpoN (ntrA, glnF) was required for the nitrate assimilation as well as for symbiotic 
nitrogen fixation and C4-dicarboxylate transport. The preferred source of nitrogen for 
bacterial growth is ammonia, but bacteria can use a wide variety of alternative nitrogen 
sources including nitrate (Merrick and Edwards, 1995). It was found that in enteric 
bacteria, such as Klebsiella pneumonia and Escherichia coli, the global nitrogen 
regulatory (ntr) system composed of four enzymes: a uridylyltransferase/uridylyl-
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removing enzyme, encoded by the glnD gene, a small trimeric protein, PII, encoded by 
glnB, and a two-component regulatory system composed of the histidine protein kinase 
NtrB and the response regulator, NtrC (Merrick and Edwards, 1995). RpoN (NtrA) is a 
transcriptional factor that activates NtrC (Merrick and Edwards, 1995; Steenhoudt and 
Vanderleyden, 2000). Under free-living but nitrogen-limiting conditions, the DNA-
binding activity of NtrC increases, and glnB and GS (glutamine synthetase) are 
upregulated (Patriarca et al., 2002). In free diazotrophs, NtrC is necessary for the 
expression of the nifA gene, which in turn activates expression of the other nif 
promoters (Patriarca et al., 2002). Work by Ronson et al. (1987) demonstrated that 
RpoN (NtrA2::Tn5) mutant of S. meliloti 1021 was unable to grow on potassium nitrate 
as a sole nitrogen source at concentrations from 0.5 to 5 mM. 
6.2.6 Inhibition of root growth by nitrate and nitrite 
Nitrate at high concentrations (1 0 to 50 mM) inhibits lateral root development in 
Arabidopsis (Zhang et al., 1999). Arabidopsis seedlings treated with 50 mM potassium 
nitrate developed short lateral roots (Zhang et al., 1999) and were also sensitive to the 
inhibitory effect of a high concentration of nitrate supply only during a specific stage of 
lateral root development, just after emergence and before maturation (Zhang et al., 
1999). 
Nitrite is generally regarded as being toxic to plant growth and metabolism (Klepper, 
1974). Lee (1979) showed that the elongation of seminal roots ofbarley and maize, and 
also shoot and nodal root growth in the latter species, were adversely affected by the 
addition of 1mM sodium nitrite to the plant growth media. Furthermore, the sensitivity 
of the plants to nitrite increased at low oxygen concentrations (Lee, 1979). 
6.2.7 Plasmid integration mutagenesis 
Becker and colleagues (1993) investigated the transcriptional organization of the 
Sinorhizobium meliloti exoH, exoK and exoL genes involved in EPS production using 
plasmid integration mutagenesis. This involved the transfer to S. meliloti 2011 
mobilisable suicide vectors, which contained cloned fragments of exoH, exoK and exoL 
genes in different orientations. The plasmids were integrated into the genome by single 
crossing-over events. Mutagenesis using the plasmid integration method causes the 
inactivation of respective gene or operon if the cloned fragment is devoid of a promoter 
(Becker et al., 1993). This enables one to obtain detailed information about the 
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functions of specific genes {Becker et al., 1993), which would be difficult and time 
consuming to achieve by random Tn5 mutagenesis. 
6.3 Aim of this chapter 
In chapter 3, I demonstrated that high concentrations of nitrate {50mM and 100 mM) 
inhibited rice seedling growth and caused the development of short lateral roots. This 
was also observed with rice plants inoculated with inhibitory strains of Rhizobium 
{Chapter 3) and wild-type S. meliloti {Sm1021, Rm2011 and its pSymB deleted 
derivatives, Chapter 4). This suggests that nitrate or the form of nitrate, as a source of 
nitrogen, influences the interaction of rhizobia with rice seedlings {Chapter 3, 4). 
Furthermore, complementation studies and genomic/EST searches of strain Sm1021 in 
Chapter 5 suggested that the nitrate related genes found in the pSymA megaplasmid are 
possible candidates for rice growth inhibition. 
In this chapter, I will investigate if genes related to nitrate metabolism found on the 
pSymA megaplasmids are involved in the inhibition of rice seedlings. I will also 
investigate the role of nitrite in the Rhizobium-rice interaction. 
6.4 Materials and Methods 
6.4.1 Bacterial culture and plant inoculation 
Routine sub-culturing of rhizobia was done on BMM or TY plates at 28°C and E. 
coli on LB at 3 7°C. Antibiotics were incorporated into plates whenever rhizobia and 
E.coli strains carried a marker as in section 2.4.1. For rice plant assays, strains were 
grown on BMM or TY for 3 d and E. coli strains for overnight on LB with respective 
antibiotic markers {section 2.4.1). Colonies were resuspended in sterile water to an 
OD6oonm 0.1 to inoculate rice plants {section 2.5.3). For nodulation assays, colonies were 
grown overnight to an OD6oomn 0.2-0.3 in BMM liquid medium {section 2.5.2). 
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6.4.2 Bacterial Strains 
Table 6.1 Bacterial strains used in this study 
Strain Characteristics Reference/Source 
Rhizobium leguminosarum biovar trifolii strains 
ANU843 Wild type, Nod+ Fix+ on clover Rolfe et al. 1980 
TAl Wild type, Nod- on cv. Woogenellup, Nod+ Fix+ Gibson 1968 
on other subterranean clover cultivars 
ANU794 Smr derivative of R. l. bv. trifolii strain TAl; J. Vincent 
Nod+ Fix+ on white and subterranean clovers 
R4 R. leguminosarum bv. trifolii from rice root Yanni et al. 1997 
rhizosphere 
Sinorhizobium meliloti 
Sm2011 
Sm1021 
SmA818 
SmA146 
SmA144 
SmA225 
SmA838 
SmA845 
G270 
G271 
Spontaneous streptomycin-resistant derivative of J. Denarie 
S. meliloti SU47, wild type, Nod+, Fix+ on 
alfalfa 
Spontaneous streptomycin-resistant derivative of 
S. meliloti SU47, wild type, Nod+, Fix+ on 
alfalfa 
2011 pRm2011a cured, Nod-, Fix-
2011 carrying a 750-kb deletion in pRm20lla, 
Nod-, Fix-
2011 carrying a 650-kb deletion in pRm20lla, 
Nod-, Fix-
2011 carrying a 500-kb deletion in pRm201la 
2011 carrying a 850-kb deletion in pRm20 11 a, 
Nod-, Fix-
2011 carrying a 850-kb deletion in pRm20lla, 
Nod-, Fix-
pRmeSU47b deletion derivative, ~Q5033-
5007::Tn5-233 ~Q5085-5047::Tn5-Tp, Gmr-spr 
Tpr 
pRmeSU47b deletion derivative, ~Q5033-
5007::TnV ~Q5149-5079::Tn5-233 ~Q5085-
5047::Tn5-Tp, Nmr Gmr-Spr Tpr 
Meade et al. 1982 
Oresnik et al. 2000 
Oresnik et al. 2000 
Hynes 
(unpublished) 
Hynes 
(unpublished) 
Yost and Hynes 
(unpublished) 
Yost and Hynes 
(unpublished) 
Charles and Finan 
1991 
Charles and Finan 
1991 
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Table 6.1 continued 
Sinorhizobium meliloti 
0277 pRmeSU47b deletion derivative, l10. 5020- Charles and Finan 
5011::Tn5-anT L1Q 5149-5079::Tn5-233 l10. 1991 
5085-5047::Tn5-Tp, Nmr Gmr-Spr Tpr 
RmF909 L1Q 5085-5047::TnV, Nmr Gm5-Sp5 Charles and Finan 
1991 
MGlO S.meliloti 1021 pLAFR3::aiiA, Tcr Smr Teplinski and 
Bauer 
(unpublished) 
Sm5422 Rm1021, ntrA75::Tn5 Finan et al. 1988 
M1 Sma1236G1_32D09_01.01, NapA periplasmic Becker, 
nitrate reductase Bielefeld 
University 
(unpublished) 
M2 Sma1236G1_32D09_01.02, NapA periplasmic Becker, 
nitrate reductase Bielefeld 
University 
(unpublished) 
M3 SMa1240G1_32D10_01.01, NapF Ferredoxin Becker, 
component of periplasmic nitrate reductase Bielefeld 
University 
(unpublished) 
M4 SMa1240G1_32D10_01.02, NapF Ferredoxin Becker, 
component of periplasmic nitrate reductase Bielefeld 
"" University 
(unpublished) 
M7 SMb20436G1_37F12_01.01, nitrate transporter Becker, 
protein Bielefeld 
University 
(unpublished) 
M8 SMb20436G1_37F12_01.02, nitrate transporter Becker, 
protein Bielefeld 
University 
(unpublished) 
Mll Sma0583G1_31D01_01.01, NrtB, Nitrate Becker, 
transport permease protein Bielefeld 
University 
(unpublished) 
M12 Sma0583G1_31D01_01.02, NrtB, Nitrate Becker, 
transport permease protein Bielefeld 
University 
(unpublished) 
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Table 6.1 continued 
Sinorhizobium meliloti 
M17 
M18 
M15 
M16 
SMa1247G1_32D12_01.01, NirV periplasmic 
nitrate reductase 
SMa1247G1_32D12_01.02, NirV periplasmic 
nitrate reductase 
SMb20078G 1_35H07 _0 1.01, nitrate/nitrite 
response regulator protein 
SMb20078G 1_35H07 _0 1.02, nitrate/nitrite 
response regulator protein 
Pseudomonas aeruginosa 
PAOS Rif Trp-, opportunistic human pathogen 
Becker, 
Bielefeld 
University 
(unpublished) 
Becker, 
Bielefeld 
University 
(unpublished) 
Becker, 
Bielefeld 
University 
(unpublished) 
Becker, 
Bielefeld 
University 
(unpublished) 
M. Nayudu 
Nod+ =ability to nodulate, Nod-= inability to nodulate, Fix+= ability to ftx nitrogen, 
Fix-= inability to fix nitrogen, aiiA = AHL (Acyl-homoserine lactone)- lactonase, L\ =defined 
deletions, n= transposon insertions 
6.4.3 Plasmid integration mutagenesis of S. meliloti 1021 
Strains were generously provided by and generated as described below by Dr. Anke 
Becker (Bielefied University, Germany). For the plasmid integration into S. meliloti 
1021, DNA fragments of the key genes of interest were amplified by PCR using the 
primers listed in Table 6.2. The DNA fragments were inserted, using either restriction 
enzymes Hindlll and BsrGI or Mfel and BsrGI, into the mobilizable suicide vector 
pK19mobHMBomega (Figure 6.1). 
The resulting hybrid plasmids were transferred from the broad host range mobilizing 
donor strain E.coli S17-1 (Simon et al., 1983) to S. meliloti 1021 by the following 
procedure. 
Stationary S. meliloti 1021 culture and logarithmic E. coli S17-1 (OD6oo 0.5) were 
mixed in a ratio 1:5 to give a final volume of 1mL. Cells were pelleted by centrifugation 
(3 min, 3000 g). 0.9 mL of the supernatant was removed. Cells were resuspended in the 
remaining culture medium. This cell suspension was placed on non-selective LB soft 
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agar medium in microplates. The microplates were incubated at 30°C overnight. Cells 
were resuspended in LB liquid medium. The suspensions were plated on selective LB 
medium containing Nalidixic acid (8 ).lg mL-1) and Neomycin (120 ).lg mL-1) to give 
single colonies after incubation at 30°C for 3 to 4 d. with the lid of the petri dish in 
upside position. Transconjugants were then subcultured on TY plates or stored at -20°C 
or-80°C. 
E. coli S17-1 carrying the hybrid plasmids were grown in LB supplemented with 
Kanamycin (50 ).lg mL-1) at 37°C and S. meliloti 1021 in LB medium supplemented 
with Streptinomycin (600 ).lg mL-1). 
Table 6.2 Sequences of the forward and reverse primers used the plasmid 
integration mutagenesis in S. meliloti 1021 
GENE Sequence of Forward Length of 
PCR 
Product 
(Kb) 
Sma1236 GGTTCCACGTAAGCTTCCCTGGCACCAGCTCGTCGAT 349 
Sma1240 428 
Sma1247 362 
Sma0583 327 
Smb20078 329 
Smb20436 322 
6.4.4 Bacterial nitrate/nitrite assay 
A loopful of bacteria was added to 5 mL of TY or TY supplemented with lOmM 
KN03 in 13mL test tubes (Pyrex, England). The inoculated test tubes were incubated at 
29°C or 37°C for 7 days. The test tubes were not shaken and they were sealed using 
Nescofilm™ so as to create microaerophilic/anaerobic conditions. After 7d inoculation, 
0.5mL of solution A (sulphanilamide, 1.0 g; 3M HCl, lOOmL and solution B (0.02% 
(w/v) N-naphthyl-ethylenediamine-hydrochloride dissolved in water) respectively was 
added to the test tubes (Skotnicki and Rolfe, 1980). An immediate red colour indicated 
the presence of nitrite. No colour meant that nitrite was absent. To confirm that a 
negative reaction was due nitrate being completely reduced to nitrogen gas, 2 mg of 
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Zinc dust was added into the test tubes. Zinc reduced the nitrate in the solution to nitrite 
and N2 gas, and formed a red colour. If no colour appeared within 10 min of Zinc 
addition, it indicated that nitrate was absent and that it had been completely reduced to 
N2 gas. The amount of nitrite produced was qualitatively determined using TY or water 
supplemented with sodium nitrite at the following concentrations: 1 OmM, 5mM, hnM, 
0.5mM, 0.1mM, 0.05mM, 0.01mM and 0.005mM, 0.001 mM and 0 mM NaNOz. 
6.4.5 Plant nitrate/nitrite assay on FlO in Magenta jars 
The plant nitrate/nitrite assay was carried out in Magenta jars containing rice 
seedlings of cv. Pelde grown in F1 0 media, which had been inoculated with various 
Rhizobium strains at 21 d. The assay was as described in 6.4.4 except that 1mL of 
solution A and solution B were added to each Magenta jar and results recorded after 10 
mm. 
6.4.6 Application of nitrite as an alternative nitrogen source 
To investigate the possible role of nitrite on the interaction of rice plants with 
rhizobia, Fahraeus nitrogen-free mineral liquid medium (Vincent, 1970) was 
supplemented with 1 mM, 2 mM, 5 mM and 1 0 mM potassium nitrite respectively. Rice 
seeds were germinated and they were inoculated with S. meliloti Sm1021 (section 2.5.3) 
and then transferred to Magenta jars containing the nitrogen-free liquid medium 
supplemented with various concentrations of potassium nitrite. The plants were 
harvested after 21 d and the dry weights or shoot and root characteristics recorded. 
6.4.7 Screening of S. meliloti 1021 transconjugants derived from plasmid 
integration mutagenesis on rice growth 
S. meliloti 1021 transconjugants from Table 6.1 were used as inoculants on rice 
seedlings of cv. Pelde in FlO medium for 2ld as in section 2.5.3 to determine the 
specific nitrate related genes involved in the rice-Rhizobium interaction. 
6.4.8 Statistical analysis 
Data analyses were done m collaboration with the Statistical Consulting Unit, 
Australian National University) as in section 2.7. 
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6.5 Results 
6.5.1 Nitrite production: Nitrate reduction under anaerobic/microaerophilic 
conditions 
To investigate the ability of S. meliloti and its pSymA and pSymB mutants including 
Rhizobium strains ANU843 and R4 to reduce nitrate to nitrite under anaerobic and/or 
microaerophilic conditions, bacterial strains were grown in TY liquid medium in the 
presence and absence of 10 mM KN03 as in section 6.4.5. Pseudomonas aeruginosa 
strain P A05 was used as a positive control, as Pseudomonas is known to be able to 
reduce nitrate to nitrite. 
At 7 d, all test tubes were turbid except for the uninoculated control test. In test 
tubes containing only TY liquid medium, no nitrite was detected. The results from TY 
supplemented with 10 mM KN03 at 7 dare tabulated in Table 6.3. 
At 7 d, strain Rm20 11 was found to be reducing nitrate while the closely related 
strain Sm1021 did not suggesting that one of the differences between Rm2011 and 
Sm1021 is in nitrate metabolism (Table 6.3). This was also confirmed by the negative 
result observed in test tubes inoculated with strain MG10 (Table 6.3). 
As all the pSymA and pSymB deleted and cured derivatives were derived from 
Rm2011, they werecompared to the wild-type strain Rm2011. All pSymA mutants of 
Rm2011 reduced nitrate except for SmA144. None of the pSymB deleted derivatives 
could reduce nitrate (Table 6.3). 
Both Rhizobium strains ANU843 and R4 reduced nitrate, but strain R4 was able to 
reduce nitrate completely to N2 (gas) and no nitrite or nitrate was detected after the 
addition of Zinc. P. aeruginosa P A05 completely reduced the supplied nitrate to 
nitrogen gas. 
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Table 6.3 Characterisation of bacterial strains for their ability to reduce nitrate in 
test tubes after 7 d in liquid TY medium 
At 7 din TY liquid medium+ lOmM KN03 
Bacterial strain Bacterial Presence of Presence of nitrate 
Growth nitrite 
(Turbidity) 
Sinorhizobium meliloti 
Sm1021 +++ - +++ 
Rm2011 +++ +++ ND 
SmA818 +++ + ND 
SmA146 +++ ++ ND 
SmA144 +++ 
-
+++ 
SmA225 +++ ++ ND 
SmA845 +++ + ND 
SmA838 +++ + ND 
G270 +++ 
-
+++ 
G271 +++ 
-
+++ 
G277 +++ - +++ 
RmF909 +++ 
- +++ 
MGlO +++ - +++ 
(2/3) 
Rm5422 +++ - +++ 
Rhizobium leguminosarum bv. trifolii 
ANU843 +++ + ND 
R4 +++ (mucoid) 
- -
Control 
- -
+++ 
Pseudomonas aeruginosa 
PA05 (positive +++ 
- -
control) 
. . Bactenal growth was morutored by the turbidity of the medmm: (-) no growth and ( +++) very turbid . 
Amount of nitrite production was monitored by the amount of red pigment produced compared to the 
standard curve: (-) no red pigment/nitrite absent; (+) 0.005 mM nitrite; (++) 0.01 mM nitrite; (+++) 
greater or equal to 0.1 mM nitrite; ND = not determined. Results were an average from 3 test tubes; 
MG10 was negative in 2 out of3 test tubes. 
6.5.2 Chromosomally located gene, RpoN in S. meliloli Rm2011 is not involved in 
rice growth inhibition 
To investigate the role of the RpoN in the rice growth inhibition by the wild-type 
strain Sm1021, the rice seedlings cv. Pelde were inoculated with strain Rm5422, the 
RpoN Tn5 mutant of Rm2011. This strain was tested because the inhibition of rice 
growth by strain Sm1021 and Rm2011 was influenced by the form and concentration of 
nitrogen. Furthermore, RpoN ( cr54) is a sigma factor required for the transcriptional 
115 
Chapter 6: Is nitrate a cause of rice growth inhibition? 
activation of the NTR (nitrogen regulation) system, the latter being involved in sensing 
the availability of nitrogen (Merrick and Edwards, 1995). 
At 21 d, all rice plants inoculated with strain Rm5422 and the wild-type strain 
Sm1021 were inhibited in growth (Figure 6.2). 
6.5.3 NapA, NapF and NirV periplasmic nitrate reductase located on pSymA 
respectively are not involved in rice growth inhibition 
To determine the inhibitory role of nitrate in the interaction of rice seedlings with 
wild-type strain Sm1021(Rm2011), plasmid integration mutagenesis was used to 
construct periplasmic nitrate reductase mutants as in section 6.4.3. The three target 
genes were NapA, needed for in vivo activity; NapF, involved in the assembly of the 
iron-sulfur center of NapA and NirV, the periplasmic nitrate reductase. They were 
chosen so as to disrupt the reduction of nitrate. All the genes are located in the 400 Kb 
of deleted DNA region of the non-inhibitory pSymA deleted derivative, strain SmA146. 
Strains Ml, M2, M3, M4, M17 and M18 were used as inoculants as well as the wild-
type strain Sm1021 and Rm2011 and were individually tested on rice seedlings as in 
section 6.4.7. 
At 21 d, wild-type strains Sm1021 and Rm2011 inhibited rice growth (Figure 6.3). 
Strains M1 and M2, which were NapA mutants inhibited the growth of rice seedlings 
cv. Pelde at 21 d (Figure 6.3). Strains M3 and M4, which were NapF mutants inhibited 
rice seedling growth (Figure 6.3). Strains M17 and M18, which wereNirVmutants, also 
stunted the growth of rice seedlings at 21 d (Figure 6.3). Uninoculated rice seedlings 
had green leaves and showed a normal pattern of root growth and development at 21 d 
(Figure 6.3). 
6.5.4 Nitrate transport permease (NtrB) located on pSymA is not involved in the 
inhibition of rice growth 
To investigate the role of nitrate in the inhibition of rice seedling growth, the nitrate 
transport permease (NtrB), which is located outside the deleted region of the pSymA 
deleted derivative SmA146 was used as a candidate gene for plasmid integration 
mutagenesis. The aim was to disrupt the transport of nitrate insideS. meliloti Rm20l1 
and thus make nitrate unavailable for nitrate reduction. Strain Mll and M12 were ntrB 
mutants derived from plasmid integration mutagenesis (section 6.4.3). These strains 
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were tested on rice seedlings cv. Pelde (section 6.4.7). At 21 d, rice seedlings inoculated 
with strain M11 and M12 were stunted in growth (Figure 6.3). 
6.5.5 Nitrate/nitrite response regulator protein and the nitrate transporter protein 
located on pSymB are not involved in rice growth inhibition of Sm1021 
In chapter 4, it was shown that pSyrnB deleted derivatives ofRm2011 inhibited rice 
growth. It was also shown that the removal of key regions in pSymB in some pSymB 
deletion mutants, for example strains 0270 and 0271, affected the level of inhibition. 
Searches of the DNA sequence of S. meliloti 1021 revealed that there were nitrate 
related genes (Table 6.4). 
Table 6.4. Nitrate related genes on pSymB megaplasmid of S. meliloti 1021 
DNA searches were done using the sequence of S. meliloti 1 021 
(http:/ /sequence. toulouse.inra.fr/meliloti.html) 
Name Accession number Protein Description 
Y20078 SMb20078AA Nitrate/nitrite response regulator 
protein 
Y20436 SMb20436AA Nitrate transporter protein 
NtrA SMb21114AA Putative nitrate tranport protein 
NarB SMb20986AA Putative nitrate reductase, large 
subunit 
Y20997 SMb20997 AA Putative membrane protein, 
similar to peri plasmic nitrate 
reductase NnuR 
Only two proteins produced stable PCR products in the cloning procedure needed for 
plasmid integration mutagenesis (section 6.4.3, personal communication, Dr. Anke 
Becker). Their accession numbers were SMb20078 AA and SMb20436 AA (Table 6.3). 
The SMb20078 AA mutant strains were M15 and M16 while the SMb20436 AA mutant 
strains were M7 and M8 (Table 6.1). Strains M7, M8, M15 and M16 were then used to 
inoculate rice seedlings cv. Pelde as in section 6.4.7. At 21 d, all rice plants were 
inhibited in growth and development similar to Sm1021 and Rm2011 treated rice 
seedlings (Figure 6.3). 
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6.5.6 Strain Sm1021 in the presence of nitrite as a nitrogen source only inhibited 
the growth of rice seedlings cv. Pelde 
To confirm that nitrate is not the sole cause of rice growth inhibition, nitrite, at 
concentrations of 0.1, 1, 2, 5 and 10 mM NaN02, was used as a source of nitrogen for 
the growth of rice seedlings. Also the inhibitory strain Sm 1 021 was used to inoculate 
rice seedlings to investigate the effect on nitrite on the interaction of S. meliloti with 
rice. Rice seedlings were inoculated with Sml021 and then grown as in section 6.4.6. In 
FlO liquid medium at 21 d, Sml021 inoculated plants were inhibited in growth and 
lateral root development while uninoculated rice seedlings had green shoots and showed 
a normal pattern of root development (Figure 6.4 and 6.5). 
Magenta jars containing F medium supplemented with 2 and 5 mM NaN02 
respectively appeared to contain the optimal amount of nitrite to support the growth of 
rice seedlings and rice seedlings had a normal pattern of growth compared to 
uninoculated rice seedlings grown in FlO at 21 d (Figure 6.4 and 6.5). Sml021 treated 
rice seedlings grown in the F medium supplemented with 2 and 5 mM NaN02 
respectively were stunted in growth (Figure 6.3 and 6.4). At 21 d, the addition of 10 
mM NaN02 to F medium inhibited the growth ofuninoculated and Sml021 treated rice 
seedlings (Figure 6.4 and 6.5). 
6.5. 7 Nitrate reduction occurs in absence of rhizobia and nitrite concentration is 
higher in Magenta jars containing rice plants unaffected in growth by rhizobia 
To investigate if nitrate reduction did occur in the Magenta jars, in the presence of 
rice seedlings and rhizobia, the media was assayed for nitrate (section 6.4.5). 
At 21 d, Magenta jars containing uninoculated rice seedlings were found to contain 
nitrite (Figure 6.6). Much less nitrite was found in Magenta jars containing inhibitory 
strains Sml021, TAl and ANU794 (Figure 6.6). 
In Chapter 3, the use of tetracycline affected the interaction of rhizobia with rice by 
inhibiting the growth of inhibitory strains TAl and ANU794. Therefore another 
experiment was set up using TAl, ANU794 and R4 as a positive control to investigate 
the production of nitrite in Magenta jars in the presence of rice seedlings and 
tetracycline as in section 6.4.5 (2 mg mL-1). At 21 d, all rice seedlings inoculated with 
inhibitory strains ANU794 and TAl were stunted in growth (Figure 6.6). Rice seedlings 
inoculated with strain R4 had green shoots and root growth appeared normal, similar to 
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uninoculated rice seedlings (Figure 6.6). In the presence of tetracycline, rice seedlings 
inoculated with inhibitory strains ANU794, TAl and the non-inhibitory strain R4 had a 
similar pattern of growth to uninoculated rice seedlings at 21 d (Figure 6.6). 
The level of nitrite detected in Magenta jars containing ANU794 and TAl inoculated 
rice seedlings treated with tetracycline, was higher compared to those not treated with 
antibiotic (Figure 6.6). There was no difference in the nitrite level found in Magenta jars 
containing rice seedlings treated with strain R4 with and without tetracycline 
respectively appeared the same (Figure 6.6). 
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6. 6 Discussion 
6.6.1 RpoN may still play a role in rice growth inhibition by Sm1021 
The concentration of nitrate (Chapter 3) and its form (Chapter 4) could be used to 
mimic the inhibition effect of Sml021 (and other inhibitory strains) on rice seedlings 
cv. Pelde. Nitrate can be assimilated by rhizobia to produce NH/ by the use of 
assimilatory nitrate reductase (Patriarca et al., 2002). It was also found that the R. 
leguminosarum glnB mutant strain lacking in regulatory PII protein could not grow on 
nitrate (Amar et al., 1994). RpoN is known to activate the ntr system, which includes 
glnB. Strain Rm5422 (Rm1021 ntrA75::Tn5) is an RpoN mutant chosen for this study 
and, which had previously been shown to be defective in succinate metabolism (Finan 
et al., 1988). It was found that the chromosomally located RpoN (GlnF, NtrA, cr54) with 
this mutation involved in the transcriptional activation of C4-dicarboxylate utilisation 
(Michiels et al., 1998; Ronson et al., 1987; Kustu et al., 1989; Steenhoudt and 
V anderleyden, 2000) was not responsible for the inhibition phenomenon observed in 
rice seedlings inoculated with inhibitory Sm1021 and Rm2011. However, Ronson et al. 
(1987) had shown that three S. meliloti 1021 RpoN mutants, Rm1680 (ntrA1::Tn5), 
Rm1681 (ntrA2::Tn5) and Rm1682 (ntrA5::Tn5) were unable to grow on nitrate as the 
sole source of nitrogen, at concentrations ranging from 0.5 mM to 5.0 mM K.N03• This 
suggests that the location of the Tn5 in Rm5422 may be not crucial in affecting nitrate 
assimilation or that the concentration of nitrate in rice plant assays could have been too 
high i.e., 10 mM compared to 5.0 mM K.N03 to observe a nitrate-dependent 
Sm 1 021 RpoN effect on rice seedling growth. 
6.6.2 Nitrite not nitrate is the cause of rice growth inhibition in rice seedlings cv. 
Pelde 
Plasmid integration mutagenesis studies suggest that the individual genes involved in 
nitrate reduction via the periplasmic nitrate reductase and nitrate transport via ntrB 
gene, both located on Sm1021-pSymA megaplasmid did not play any role in the 
Sm1021-induced inhibition of rice seedling growth (Figure 6.3). Similar results were 
observed with the nitrate/nitrite response regulator protein and the nitrate transporter 
protein located on Sm1021 (Rm2011) pSymB megaplasmid suggesting that they were 
also not involved in the inhibition of rice growth (Figure 6.3). 
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However, it is important to note that rice plants also contain nitrate reductase activity 
which can also reduce nitrate to nitrite (Barlaan et al., 1998). This was evident when 
nitrite was found in the Magenta jars containing uninoculated rice seedlings (Figure 6.6). 
Furthermore, the use of nitrite instead of nitrate as sole source ofN in rice plant medium 
did not abolish the inhibitory effect ofSm1021 on rice seedlings cv. Pelde (Figure 6.4 and 
6.5). Therefore, if the nap genes were not functional in the S. meliloti mutants, the rice 
plants could also have been able to reduce the nitrate to nitrite, which could in turn have 
been the substrate used by the mutants to cause rice growth inhibition. Thus nitrite and 
not nitrate alone is the cause of rice growth inhibition. 
In the presence of 10 mM NaN02 and the absence of Sm1021, rice seedling growth 
was inhibited (Figure 6.4 and 6.5). For nitrite to be the cause of this inhibition, nitrite 
production by Sm1021 and Rm2011 would need to reach a concentration of at least 10 
mM nitrite. 
Nitrite at high concentration is toxic to the growth ofbacteria and bacteriods (Casella 
et al., 1988). Exposure to more than 1.0 mM nitrite for 24 h greatly inhibited nitrogenase 
activity (Casella et al., 1988). Micromolar nitrite concentrations also reduced cell yields 
and inhibited oxygen respiration in free-living bacteria (Casella et al., 1988). 
Accumulation of nitrite in plant tissues is also toxic due to the production of nitric oxide 
(NO) either non-enzymatically through light-mediated conversion by carotenoids or 
enzymatically through NADPH nitrate reductase (Durner and Klessig, 1999). NO has 
been shown to be involved in root organogenesis (Pagnussat et al., 2002) but also 
functions as a signal in plant defense (Klessig et al., 2000; Durner and Klessig, 1999). 
Rhizobia and other denitrifiers have the ability to produce NO due to respiratory nitrite 
reductase, nirK (Moreno-Vivian et al., 1999). This type of respiratory process permits 
cell growth of Bradyrhizobium japonicum and R. sphaeroides under microaerophilic 
conditions (Jain and Shapleigh, 2001; Velasco et al., 2001). 
Growth studies showed that Sm1021 and its pSymA cured derivative SmA818 grew in 
FlO liquid containing rice seedlings (Chapter 4). Through the generation of NO or the 
generation ofNH/, SmA818 and Sml021 could maintain their growth in the Magenta 
jars. Nitrite can be converted to ammonium or to nitrous oxide by different types of nitrite 
reductases. In E. coli, the NADH-dependent nirB gene catalyses the reduction of nitrite to 
ammonium thus detoxifying nitrite accumulated in anaerobically grown cells 
(Morevo-Vivian et al., 1999). In denitrifying bacteria, two different types of respiratory 
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enzymes reduce nitrite to nitric oxide. They are nirS, found in Pseudomonas and most 
denitrifiers, and the nirK gene encoded copper nitrite reductase, found in other bacteria 
(Zumft, 1997; Jain and Shapleigh, 2001; Toffanin et al., 1996; Velasco et al., 2001). 
Little is known as to the possible function of the pSymA located nap genes in S. 
meliloti 1021. However, the genomic sequence of S. meliloti 1021 has the napCBADFE 
operon is located on the pSymA megaplasmid near the nos and nor operons involved in 
nitric oxide and nitrous oxide metabolism, respectively. This suggests that the nap genes 
in S. meliloti may have a similar function to those in the Pseudomonas sp. strain G 179. 
The nirB gene is located on the pSymB megaplasmid while the nirK copper nitrite 
reductase was found on the pSymA megaplasmid near the nap, nos and nor operons, 
suggesting that Sm1021 can reduce nitrite to ammonium or NO. 
6.6.3 Is the inhibition of rice growth by Sm1021 or Rm2011 due to accumulation of 
NO in plant tissues or in the medium? 
When nitrate/nitrite is the sole N source for rice seedlings and Sm1021, the rice 
seedling and Sm 1021 assimilated nitrate for their growth, thus increasing nitrite 
concentration within the plant tissue, the medium and in the bacteria. The accumulation 
of nitrite in the medium may lead to NO formation in the rice plant tissues, or cause 
Sm1021 to reduce nitrite to NO so as to facilitate survival during temporary hypoxia or 
anoxia. Therefore, I hypothesise that the formation of NO is the cause of rice growth 
inhibition by inhibitory strains of rhizobia (Figure 6. 7). This is based on the following: 
A. The form of nitrate in the plant medium (Chapter 4) did affect the interaction of 
Sm1021 with rice seedlings cv. Pelde either by affecting the plant or the bacteria or both. 
The use of NH4N03 and (NH4) 2S04 as a nitrogen source in the plant medium prevented 
Sm1021 from killing the treated rice seedlings compared to when KN03 and Ca2N03 
were used as a N source (Chapter 4). This is evidence for NH/ preventing the 
nitrate/nitrite-dependent rice growth inhibition. In fungi, NH4 + represses nitrate and 
nitrite transport and reduction (Galvan and Fernandez, 2001). It is possible that in rice 
plants in the presence of NH/, makes the rice plants less susceptible to inhibition via 
nitrite. Also NH/ can affect the growth of Sm1021 by repressing the conversion of 
nitrate to ammonium, and instead use the Ntr system to sustain its growth. 
B. Semi-stagnant solutions i.e. unagitated solutions not flushed with air or N2 and 
without agar have been used to reduce 0 2 concentration (Wiengweera et al., 1997). In 
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Chapter 4, Sml021 treated rice plants in liquid FlO were inhibited in growth compared 
to Sml021 treated plants grown in FlO containing 0.4 to 1.2% agar (w/v) (Chapter 4). 
Therefore by the addition of agar (0.4 to 1.2 % agar (w/v)) to FlO medium, Sml021 
may switch from anoxic growth (liquid Fl 0 medium) to aerobic growth. 
C. The level of nitrite was lower in jars containing rice seedlings inoculated with 
viable inhibitory rhizobia compared to those treated with the bacteriostatic antibiotic, 
tetracycline (Figure 6.6). This could be due to the reduction of nitrite to NO by viable 
inhibitory rhizobia. 
D. In plants, nitrate and nitrite reductases and nitrate transport is coordinately 
regulated with respect to light (Galvan and Fernandez, 2001). In Chapter 4, when light . 
intensity was less than optimal, the growth of Sml021 treated rice seedlings was not 
inhibited. 
E. Strain R4 was shown to be capable of reducing nitrate to N2 (gas) under 
microaerophilic/anaerobic conditions, as could the Pseudomonas strain P A05 (Table 
6.3). Nevertheless, nitrite was detected in Magenta jars containing R4 inoculated rice 
seedlings at 21 d and the rice seedlings were not inhibited in growth (Figure 6.6). Other 
strains of rhizobia could reduce nitrate or were deficient in nitrate reduction under such 
conditions and all inhibited rice growth (Table 6.3). Therefore the ability and efficiency 
of reductase enzymes to denitrify nitrate to nitrite to NO to N20 and to N2 (gas) may 
play multiple roles in the Rhizobium-rice interaction. 
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Figure 6.2 Effect of the RpoN mutant of Sinorhizobium meliloti Sml021 on 
the growth of rice seedlings cv. Pelde 21 d after inoculation in liquid FlO 
medium. (A) Plants were inoculated with S. meliloti Sm1021 and Rm5422 
(B) Growth of roots and shoots were assessed at 21 d in liquid NFM 
containing 10 mM KN03 ; Bars indicate the LSD for the log (dry mass)(mg) 
of root and shoot at the 95% level (P=0.05). 
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Figure 6.3 Effect of Sinorhizobium meliloti Rm2011 strains mutated in 
nitrate metabolism on the growth of rice seedling cv. Felde 21 d after 
inoculation in liquid FlO medium. (A) Plants were inoculated with S. 
meliloti strain Sm1021, Rm2011, M12, M15, M7, M16, Ml, M3, Mll, M8 
and M17. 
-


Figure 6.4 Effect of nitrite on the growth of rice seedlings 21 d after 
inoculation in liquid NF medium. (A) Plants were inoculated with 
Sinorhizobium meliloti strain Sm1021 and grown in NF liquid medium 
supplemented with; (A) lOmM KN03; (B) 1mM NaN02 ; (C) 2mM NaN02 ; 
(D) 5mM NaN02 ; (E) 10mM NaNOz; (F) Growth of roots and shoots were 
assessed at 21 d in liquid NFM with lOrnM KN03, 0.1mM NaN02; (C) 
1mM NaN02 and lOmM NaN02 (n=95). Bars indicate the LSD for the log 
(dry mass)(mg) of root and shoot at the 95% level (P=0.05). 
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Figure 6.5 Effect of S. meliloti Sm1021 on the growth and development of 
lateral roots on the main root of rice seedlings cv. Pelde in NF medium 
supplemented with (A) and (B) lOmM KN03; (C) and (D) 1 mM NaN02 ; 
(E) and (F) 2mM NaN02 ; (G) and (H) 5mM NaN02 and (I) and (J) lOmM 
NaN02 21 dafter inoculation. 
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Figure 6.6 Nitrite production in Magenta jar containing rice seedlings 
inoculated with rhizobia 21 dafter inoculation in liquid FlO medium; Rice 
seedlings were inoculated with (A) S. meliloti strains Sm1021 and M12; (B) 
Rhizobium leguminosarum bv. trifolii strain TAl; (C) R. leguminosarum bv. 
trifolii strain ANU794 and; (D) R. leguminosarum bv. trifolii strain R4; 
(B),(C) and (D) rice plants were also treated with tetracycline (2 J..Lg mL-1). 
-


Figure 6.7 Proposed model for the inhibitory phenomenon of Sm1021 on 
rice seedling growth. (A) Nitrate metabolism in rice seedling and 
Sinorhizobium meliloti Sml021 in Magenta jar containing liquid FlO 
medium; nitrate reductase (NR); nitrite reductase (Nir); Nitrate reduction 
(1); Nitrate assimilation (2); (B) The production of nitrite (N02) to a high 
level in FlO medium due to nitrate metabolism leads to accumulation of NO 
to a toxic level in medium and in rice tissues and thus the subsequent 
inhibition of rice growth. 
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CHAPTER 7 
INVOLVEMENT OF IAA IN THE INTERACTION OF RHIZOBIUM WITH 
RICE CV. PELDE 
7.1 Abstract 
To investigate the role of indole-3-acetic acid, IAA, in rice growth inhibition by 
rhizobia, strains of Sinorhizobium meliloti and Rhizobium leguminosarum bv. trifolii 
were in grown for 72 h in liquid F1 0 and Bill media supplemented with L-tryptophan, the 
major precursor ofiAA biosynthesis. Two methods were used to determine the presence 
and to quantify the levels of exogenous IAA synthesised by rhizobia at 72 h: the 
colorimetric FeCb-HCl04 assay (Gordon and Weber, 1951), and isotope dilution mass 
spectrometry (IDMS) using a new derivative for GC/MS. 
The advantage of the colorimetric assay is that it is a quick and easy way to screen 
many samples. The new derivative for IDMS avoided the use of diazomethane, and could 
be performed in aqueous solutions thus avoiding the need to dry the sample with 
concomitant non-specific losses ofiAA. 
It was found that S. meliloti and Rhizobium strains produced high amounts of IAA 
from L-tryptophan supplemented Bill minimal medium compared to Bill and L-
tryptophan supplemented F1 0 liquid media. The concentration of IAA was consistently 
overestimated by the colorimetric assay as it was a much less specific method, detecting 
all indoles. 
All the pSymA deletions and cured derivatives ofRm2011(Sm1021) produced IAA in 
L-tryptophan supplemented Bill medium and strain SmA225 produced the highest 
amount ofiAA in L-tryptophan supplemented F1 0 medium, to levels which would inhibit 
rice growth. Strain G271, a pSymB deleted derivative of Rm2011, had the highest 
amount of IAA per cell. Strain G277, another pSymB deleted derivative of Rm2011, 
which also partially inhibited rice growth, was deficient in IAA synthesis compared to its 
wild-type strain Sm1021(Rm2011). The concentration ofiAA synthesised by strain G277 
was similar to that of the non-inhibitory strain R4. 
From evidence presented in this chapter it seems that IAA is not the major cause of 
rice growth inhibition by S. meliloti and Rhizobium strains. 
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7.2 Introduction 
Auxins are involved in many plant developmental processes (Eckardt, 2001). At the 
whole-plant level, auxins play important roles in root initiation, apical dominance, 
gravitropic and phototropic responses, flowering, fruit ripening, leaf senescence, and 
abscission ofleaves and fruit. At the cellular level, auxins act as signals for cell division, 
cell expansion via cell wall loosening and vascular tissue differentiation (Eckardt, 2001; 
Davies, 1995; Moore, 1989; Guilfoyle et al., 1998). While at the molecular level, auxins 
have been shown to bring about membrane hyperpolarisation, the stimulation of the 
plasma membrane H+ ATPase and cell acidification (Miller, 1995). Auxins can also 
modulate ion transport (Becker and Hedrich, 2002) and regulate gene expression of 
auxin-responsive genes in different tissues and organs (Dharmasiri and Estelle, 2002; 
Davies, 1995; Moore, 1989; Guilfoyle et al., 1993,1998). 
The most common auxin is IAA but other natural forms of auxins include the 
halogenated derivatives of IAA, 4-Cl-IAA (Reinecke, 1999), indole butyric acid (IBA) 
(Katekar and Geissler, 1981; Davies 1995; Magnus et al., 1997; Aminah et al., 1995) and 
phenylacetic acid (P AA) (Wightman and Lichty, 1982). 
IAA is translocated from cell to cell by polar auxin transport (Davies, 1995). In shoot 
tissues the polarity of auxin transport is basipetal (Davies, 1995). In roots, the polarity of 
auxin transport is either basipetal (toward the root-shoot junction) and/or acropetal (IAA 
movement toward the root apex) (Davies, 1995; Casimiro et al., 2001 ). 
7.2.1 IAA biosynthesis in plants 
In plants, IAA is synthesised by tryptophan-dependent or tryptophan independent 
pathways. In the tryptophan-dependent pathway, tryptophan is converted into IAA via 
tryptamine, indole-3-pyruvate and indole-3-acetamide (Davies, 1995; Nonhebel et al., 
1993; Moore, 1989; Ljung et al., 2002) (Figure 6.1). Work with tryptophan auxotrophs 
established that IAA biosynthesis can also take place via a tryptophan-independent 
pathway (Kende and Zeevaart, 1997). In this case, indole is the precursor for IAA 
synthesis (Nonhebel et al., 1993; Davies, 1995; Ljung et al., 2002). IAA biosynthesis 
occurs in the chloroplasts and cytoplasms of leaf primordial and young leaves and in the 
developing seeds (Nonhebel et al., 1993; Davies, 1995). 
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7 .2.2 IAA and lateral root development 
IAA has profound effects on primary and lateral root development (Casimiro et al., 
1998; Zhang and Hasentein, 1999; Vuylsteker et al., 1998) and root meristem patterning 
(Sabatini et al., 1999; Doerner, 2000). 
Lateral root development is highly dependent on auxin and auxin transport (Reed et 
al., 1998). Lateral roots develop from differentiated cells in the pericycle located below 
the endodermis (Schiefelbein and Benfey, 1991). Cells in the lateral root primordium 
differentiate and elongate, causing the lateral to emerge through the primary root 
epidermis (Reed et al., 1998). This highlights an important aspect of root development 
in that it represents the initiation of a new meristem (Schiefelbein and Benfey, 1991 ). 
Mature lateral roots are also capable of producing new lateral roots, allowing for 
branching and the eventual development of a complex root system (Reed et al., 1998) 
thus aiding the plant in anchoring itself into the soil and in obtaining water and nutrients 
needed for growth (Patten and Glick, 2002). 
Many studies have shown that auxin (IAA) is the key hormone involved in the 
initiation and elongation of lateral roots in many plant systems (Casimiro et al., 1998; 
Zhang and Hasentein, 1999; Vuylsteker et al., 1998; Leopold, 1955; Davies, 1995; 
Moore, 1989). However, recent studies have shown that auxin interacts with other 
signalling molecules including cytokinin and ethylene to regulate and control plant 
development (Swarup et al., 2002; O'Neill and Ross, 2002; Miller, 1995; Ross and 
O'Neill, 2001). For example, via auxin-induced ethylene, auxin can inhibit shoot and 
root growth (Hansen and Grossman, 2000; Chadwick and Burg, 1967). 
Auxin can be inhibitory for lateral root development and growth when it is 
exogenously applied at high concentrations for long exposure periods (Davies, 1995; 
Moore, 1989). Studies in Arabidopsis have shown that lateral root development can be 
inhibited by inhibiting auxin movement via polar auxin transport from the shoot into the 
root (Reed et al., 1998). Arabidopsis and maize mutants with defects in IAA 
biosynthesis showed that excessive IAA production in plants plays a significant role in 
lateral root development (Kawaguchi and Syono, 1996). 
7 .2.3 Importance of soil bacteria 
Recently it has been discovered that several microbes in the rhizosphere can produce 
IAA (Patten and Glick, 1996). It has been suggested that up to 80% of soil bacteria 
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isolated from the rhizosphere produce IAA (Loper and Schroth, 1986). Studies have 
shown that many strains of rhizosphere bacteria influence plant growth or development 
when applied as seed or root inoculants (Suslow and Schroth, 1982ab). For example, 
lateral roots have been found to be induced by exogenous IAA, a feature exploited by 
applying natural and synthetic auxins in horticulture (Patten and Glick, 2002; Leopold, 
1955). Interestingly, one of the major markers by which plant-growth-promoting 
bacteria, such as Acetobacter diazotrophicus and Azospirillum, are measured is the 
promotion of root growth (Kobayashi et al., 1992) and their ability to produce IAA. 
Most root-promoting bacteria synthesize IAA and their effect on plants mimics that of 
exogenous IAA (Patten and Glick, 2002). Various plant-associated bacteria have 
phytotoxic effects on plant development (Barazani and Friedman, 1999). The 
overproduction of IAA in pure culture by these microbes e.g., Pseudomonas and 
Agrobacterium, had a deleterious effect on root morphology and root growth in sugar 
beet (Loper and Schroth, 1986; Suslow and Schroth, 1982b ), in Arabidopsis (Persello-
Cartieaux et al., 2001) and in lettuce (Barazani and Friedman, 1999). 
7 .2.4 IAA biosynthesis by plant-associated bacteria 
Several IAA biosynthetic pathways are used by plant-associated bacteria including 
Agrobacterium tumefaciens, Erwinia herbicola and Pseudomonas syringae, which are 
involved in plant pathogenesis (Yamada, 1993) and Azospirillum~ Rhizobium, 
Acetobacter and some strains of Pseudomonas, which promote plant growth (Patten and 
Glick, 1996). The evidence suggests that there is more than one route for bacterial IAA 
synthesis (Patten and Glick, 1996). As in plants, bacterial tryptophan is the major 
precursor for IAA biosynthesis. The addition of this amino acid to bacterial cultures has 
been a stimulus to IAA biosynthesis (Costacurta and Venderleyden, 1995). There are 5 
tryptophan-dependent IAA biosynthetic pathways (Figure 6.1 ). They are: 
1) The indole-3-acetamide pathway in which the genes are plasmid-borne as in the 
gall forming bacteria P. syringae, crown gall forming A. tumefaciens Ti-plasmid 
and A. rhizogenes Ri- plasmid (Patten and Glick, 1996; Glickmann et al., 1998; 
Davies, 1995). In subspecies of P. syringae, the genes for IAA biosynthesis were 
found on the bacterial chromosome (Patten and Glick, 1996; Glickmann et al., 
1998); 
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2) The indole-3-pyruvic acid pathway in which the genes are chromosomally located. 
When the A. tumefaciens strain was cured of its Ti-plasmid, it was able to make 
about 50% of the level of IAA produced by the parental strain (Lui and Kado, 
1982). This suggested that more than two sets of IAA biosynthetic genes could be 
present in one bacterial strain (Lui and Kado, 1982). Genes also involved in that 
pathway have been cloned from Azospirillum brasi/ense, an important plant 
promoting bacteria of wheat (Costacurta et al., 1994). Recent evidence suggested 
that this pathway could be present in cyanobacteria such as Nostoc (Sergeeva et al., 
2002); 
3) The tryptophan side chain pathway has been demonstrated in P. jluorescens 
(Narumyama et al., 1979; Oberhansli et al., 1991). Here the L-tryptophan is 
converted directly to indole-3-acetaldehyde, bypassing indole-3-pyruvic acid 
(Patten and Glick, 1996); 
4) The tryptamine pathway, which also occurs in plants and fungi, has been found in 
A. brasilense, a strain able to convert tryptamine in medium culture into IAA 
(Hartmann et al., 1983); 
5) The indole-3-acetonitrile pathway which was first described in higher plants 
belonging to the Cruciferae and Brassicaceae family (Kobayashi et al., 1993), has 
also been cloned and sequenced from Alcaligenes faecalis ( Kobayashi et al., 1993). 
The existence of a tryptophan-independent pathway has been inferred from feeding 
experiments with A. brasilense, and accounted for 90% of the IAA synthesized in the 
absence oftryptophan (Steenhoudt and Vanderleyden, 2000). 
7 .2.5 IAA and nodulation 
Thimann (1936) suggested that the origin of nodules on the roots of leguminous 
plants was partly a result of the high auxin production known to occur in Rhizobium 
infections of roots and because the structure of the lateral root primordium was similar 
to that of the nodule. 
Most of the plant architecture is formed by post-embryonic development, and 
changes in relative hormone concentrations under the influence of biotic and abiotic 
factors determine the developmental fate of cells and organs (Stougaard, 2000). The 
root nodules in legumes are highly specialised structures and represent a highly 
organised type of growth (Libbenga and Bogers, 1974). There are several pieces of 
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evidence suggesting that phytohormones such as auxin play a role in the secondary 
signalling during nodulation (Schultze and Kondorosi, 1998; Stougaard, 2000; Hirsch, 
1992; Libbenga and Bogers, 1974; Fang and Hirsch, 1998). Auxins, along with 
cytokinins and other hormones are commonly found in nodule extracts (Hirsch, 1992) 
and rhizobia have been shown to be able to biosynthesise both auxin (Badenoch-Jones 
et al., 1982) and cytokinin (Upadhyaya et al., 1991). Cytokinin had been identified as 
being produced by Rhizobium strains ANU240 and JC3342 (Upadhyaya et al., 1991). 
Mathesius et al. (1998b) demonstrated that auxin transport inhibition preceded root 
nodule formation in white clover and that this was regulated by flavonoids and Nod 
factors. Incubation with auxin transport inhibitors resulted in the development of empty 
nodule-like structures on roots of some legumes and in the expression of genes, such as 
Enodl2, Enod40 and Enod2, that normally were expressed during the early phases of 
nodulation (Fang and Hirsch, 1998). 
IAA has been shown to stimulate the expression of ACC synthase, which catalyses 
the conversion of SAM to ACC, the precursor to ethylene (Theologis, 1986). Ethylene 
has been linked to the inhibition of cortical cell division and the Nod factor signal 
transduction pathway and hence the inhibition of nodulation (Fearn and LaRue, 1991; 
Peters and Crist-Estes, 1989; Oldroyd et al., 2001; Heidstra et al., 1997). 
7 .2.6 IAA and Rhizobium 
Agrobacterium, Rhizobium and Bradyrhizobium can produce IAA in pure culture 
i 
l (Badenoch-Jones et al., 1982; Basu and Ghosh, 2001; Wang et al., 1982; Jensen et al., 
1995; Minamisawa and Fukai, 1991; Costacurta and Vanderleyden, 1995; Fukuhara et 
al., 1994; Sergeeva et al., 2002; Noel et al., 1996). Wang et al. (1982) demonstrated that 
in the absence of tryptophan, R. leguminosarum strains could still produce IAA and that 
its levels could be raised by the addition of exogenous tryptophan. This suggested that 
there was a tryptophan-independent pathway. In the same study, it was shown that non-
nodulating strains of R. leguminosarum, cured of the nodulation plasmid, produced IAA 
as well as the nodulating strains (Wang et al., 1982). These workers also found that 
there was no correlation between the ability to nodulate and the ability to produce IAA 
(Wang et al., 1982). However, Fukuhara et al. (1994) found that inoculation with IAA-
deficient Bradyrhizobium mutants significantly reduced the nodule number on soybean 
roots. Therefore auxin production in bacteria is mainly a function of the tryptophan 
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concentration in culture, not of the plasmids (Schroder, 1987). Emstsen et al (1987) 
suggested that IAA biosynthesis could be a necessary part of root nodulation induced by 
rhizobia. It was found that IAA levels were low in the absence of tryptophan in 
nodulating and non-nodulating Rhizobium strains while in the presence of exogenous 
tryptophan, the IAA level was increased in the nodulating strain and non-nodulating 
mutant (Emstsen et al., 1987). This suggested that there are at least two IAA biosynthetic 
pathways present in R. leguminosarum: one constitutive pathway and the other induced 
by tryptophan (Patten and Glick, 1996). The tryptophan-induced pathway appeared to be 
missing in the non-nodulating strain, suggesting that the pathway may be involved in 
nodulation (Patten and Glick, 1996). Kefford and colleagues (1960) demonstrated that 
when subterranean clover plants were grown for 3 weeks over distilled water, tryptophan 
could be detected from both uninoculated plants and plants inoculated with R. trifolii, 3 
days earlier, however, auxin could be detected only in the inoculated medium (Kefford et 
al., 1960). Furthermore, work by Badenoch-Jones et al. (1982) showed no correlation 
between IAA production and defects in adhesion, root hair curling and infection thread 
growth by wild type R. trifolii and by mutants. 
Studies have shown that the indole-3-pyruvic pathway is present in Rhizobium and 
Bradyrhizobium, though genes for the indole-3-acetamide pathway are also present in 
Bradyrhizobium (Patten and Glick, 1996; Costacurta and Vanderleyden, 1995). Kittell 
and colleagues found that S. meliloti contained aromatic aminotransferase proteins, 
which contributed to IAA biosynthesis when high levels of exogenous tryptophan was 
present. These aromatic aminotransferases are important in catalysing the conversion of 
tryptophan into indole-3-pyruvate in Rhizobium and Azospirillum (Zimmer et al., 1991; 
Kittell et al., 1989; Emstsen et al., 1987). 
Noel et al. (1996) demonstrated that R. leguminosarum strains promoted growth of 
canola and lettuce. It was found also that one Tn5 tryptophan auxotroph did not exhibit 
growth-promoting properties to the same extent of its wild type strain suggesting that the 
production of IAA by Rhizobium is necessary for effective non-legume plant growth 
promotion (Noel et al., 1996). Many bacterial isolates from other non-legumes, such as 
rice, wheat and kallar grass, have been shown to produce plant growth hormones 
including IAA (Rasul et al., 1998). R. leguminosarum bv. trifolii strains also have plant 
growth promoting effects on rice (Yanni et al., 1997; Prayitno et al., 1999) and have been 
shown to produce IAA in vitro (Yanni et al., 2001; Dazzo et al., 2000). 
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7.2. 7 Methods for IAA analysis 
Historically, IAA and other indoles in plant extracts have been purified by either paper 
or thin layer chromatography (TLC) and identified using a bioassay, such as the Avena 
curvature test (Davies, 1995) or a colorimetric detection with, for example, Salkowski's 
reagent (Sandberg et al., 1987; Glickmann and Dessaux, 1995). Although the sensitivity 
of bioassays was good, selectivity was low and plant responses could be adversely 
affected by other components present in extracts (Sandberg et al., 1987). In addition to 
being time consuming, bioassays are also limited because of biological variations 
induced by factors such as light, temperature and the age of the test plants (Ribnicky et al., 
1998). In the case of colorimetry, which is simple, cheap and rapid, the method lacks 
sensitivity and specificity and thus generates false positives (Gordon and Weber, 1951; 
Glickmann and Dessaux, 1995). However, the main advantage of colorimetric detection 
is that it can be used to rapidly screen samples and identify those requiring more rigorous 
analysis (Gordon and Weber, 1951; Glickmann and Dessaux, 1995). There are several 
reagents, which can be used to colorimetrically estimate IAA concentrations, however, of 
these the ferric chloride-perchloric acid (FeCh-HC104) reagent was not only the most 
sensitive but was also subject to the least interference from other indole compounds 
(Gordon and Weber, 1951). 
7.2.8 Problems and challenges 
In vivo, IAA is also sensitive to light (Liu et al., 1996). Light can inhibit the elongation 
of etiolated plant seedlings and can reduce the levels of endogenous IAA in soybean 
hypocotyls due to the increased activity ofperoxidases in plant samples (Liu et al., 1996). 
IAA can also be directly degraded by light and is subject to losses during purification. 
However, these problems can be minimised by derivatisation of the carboxylic acid and 
the indole nitrogen as early as possible in the analytical procedure in vitro (personal 
communication, Charles Hocart). 
7.2.9 IAA analysis by gas chromatography-mass spectrometry 
With the advent of new technologies, new methods of purification, such as, high 
performance liquid chromatography (HPLC), capillary electrophoresis, immunoaffinity 
chromatography and solid phase extraction have been developed (Sandberg et al., 1987; 
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Briins et al., 1997; Olsson et al., 1998). These developments have been matched by the 
use of immunoassays and mass spectrometry (GC/MS and LC/MS) for quantification. 
The benefits in sensitivity and accuracy that have been achieved are somewhat offset by 
the required investment in time and capital (Briins et al., 1997; Hedden, 1993). Gas 
chromatography is very useful in quantify auxins such as IAA due to the availability of 
high efficiency capillary columns and selective detectors that offer very low levels of 
detection (Sandberg et al., 1987). The concentration of IAA in plant tissues is usually 
around 1-100 ng g-1 fresh weight (Sandberg et al., 1987). 
Gas chromatography combined with mass spectrometry (GC/MS) is the most reliable 
method due to structural information gained and the ability to use stable isotopes as 
internal standards (Olsson et al., 1998). Furthermore, when GC/MS is used with 
selected ion monitoring (SIM), it provides both selectivity and high sensitivity (Rivier 
and Pilet, 197 4; Rivier, 1986). 
7.2.9.1 Derivatisation ofiAA 
Derivatisations in GC based analyses are often the most time-consuming and labour-
intensive part of the analytical procedure, particularly if a two or more step procedure is 
required(Briins et al., 1997; Olsson et al., 1998). This chemical pretreatment is aimed 
at removing or masking the polar moieties of the analyte in order to facilitate its 
volatilisation in the injection port of the GC. Ideally this process should be rapid, use a 
minimum number of reagents and contain a minimum number of steps. Most procedures 
use reagents that require organic solvents and are not compatible with water. As most 
biological material originates from an aqueous milieu, samples need to be dried and it is 
at this stage that analytes are most vulnerable to non-specific adsorption onto vessel 
walls or insoluble sample residues and IAA is no exception to this. This problem can be 
partially alleviated by using silanised glassware. In addition, IAA is sensitive to light 
and until the carboxyl group is esterified, samples need to be maintained in subdued 
light. Overcoming these problems adds to the difficulty and challenge of successful 
IAA analysis. 
IAA contains both a carboxylic acid and an indole amine moiety that are often 
esterified and acylated before GC (Rivier, 1986), although provided some tailing of the 
GC peak is tolerable, it is possible to analyse IAA as the methyl ester alone (Cohen et 
al., 1986). The methyl ester of IAA is attractive as a derivative because it is rapidly 
made and the reagent, diazomethane, is readily removed by evaporation_ However, 
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diazomethane and its precursor, N-methyl-N-nitro-N-nitrosoguanidine are carcinogens 
and diazomethane itself is potentially explosive. This procedure also takes place in 
organic solvent and requires the aqueous IAA extract to be dried down at some stage in 
the isolation and purification procedure. 
Recently, an aqueous phase chloroformate mediated N(O,S)-derivatisation in water-
alcohol-pyridine has been developed for the analysis of amino acids (Husek, 1991ab; P. 
Husek and C.C. Sweeley, 1991; Husek, 1998). Wang et al (1994) found that the ester 
moiety of the carboxylic side of the amino acid is provided by the alcohol; and the alkyl 
group on the amine is provided by the alkyl group of the chloroformate. This discovery 
then opened the way to prepare perfluorinated derivatives with chloroformate - alcohol 
reagents (Vatankhah and Moini, 1994). 
7.2.9.2 Isotope dilution mass spectrometry (IDMS) 
In isotope dilution, a known amount of a stable isotope labelled internal standard is 
added to the sample (V anhaecke et al., 1998). The isotope ratio for the mixture is then 
determined by mass spectrometry. To calculate the concentration of analyte, four things 
are needed. They are: (i) the measured isotope ratio, (ii) the known amounts of sample 
and the internal standard, (iii) the isotopic composition of the analyte and (iv) the 
isotopic composition of the internal standard (Vanhaecke et al., 1998). The advantage 
of IDMS is that 100% recovery during sample preparation is not required provided that 
isotope equilibrium has been established (V anhaecke et al., 1998). Therefore results 
obtained are not dependent on yield and it is not necessary to determine losses that have 
occurred during the assay (V anhaecke et al., 1998). 
7.3 Aim of this chapter 
The aim of this chapter is to determine the possible role of IAA in the Rhizobium-
Rice interaction, by using the well-characterised S. meliloti Sm1021 and its plasmid-
cured and plasmid-deleted derivatives. 
7.4 Materials and methods 
7 .4.1 Bacterial strains 
All strains used are in Table 6.1 (Chapter 6). Strains were maintained on BMM 
plates. 
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7.4.2 Viable counts 
Viable counts ofbacterial suspensions used for inoculation and the end of experiments 
were done on Bill or BMM plates. Dilutions were plated out using the 1 O)lL drop method 
and incubating the plates at 29°C for several days. 
7.4.3 Growth of Rhizobium and production of indole acetic acid 
A loopful of 3 day-old colonies of Rhizobium was transferred to 6 mL of sterile liquid 
Bill medium and shaken at 200rpm at 29°C overnight. This starter culture was then used 
to inoculate 1 OOmL Bill liquid medium with or without L-tryptophan (1 00 )lg mL-1) to an 
OD6o0nm 0.01, equivalent to 106cells mL-1• The 250mL flasks containing the inoculated 
liquid medium were then incubated at 29°C and shaken at 200rpm in the dark, as IAA is a 
photosensitive phytohormone. The bacterial cultures were then cultivated after 72 h. This 
time point was chosen because IAA production is at a maximum (El-K.hawas and Adachi, 
1999; Basu and Ghosh, 2001). 
The cultures were centrifuged at 6 000 g at 4°C for 20min. The volume of collected 
supernatants were recorded and stored at -20°C in McCartney bottles. For storing, 5 x 1 
mL aliquots were frozen prior to for IAA analysis. The remainder of the culture was used 
to determine the cell viability by serial dilution. The serial dilutions were plated out in 
Bill plates and after 3 d, the number of colonies per 10 )lL drop were recorded and to 
determine the number of viable cells after 72 h. 
The same procedure was applied to observe the production of IAA in F1 0 liquid 
medium supplemented with or without 100 )lg mL-1 L-tryptophan (Sigma, USA). Each 
treatment was done in duplicate. 
7.4.4 Indole acetic acid (IAA) colorimetric assay 
In clean glass test tubes, 2 mL ofFeCh-HC104 reagent (1 mL of0.5 M FeCh mixed 
with 50 mL of 35% v/v HC104 in water) was added to 1mL aliquots of each supernatant 
collected for IAA analysis. The addition of the reagent produces a red pigment 
confirming the presence of IAA. After 25 minutes, the absorbance at 530 nm was 
determined and the level of IAA estimated against a standard curve. Each sample was 
assayed in duplicates. 
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7 .4.5 IAA analysis by GC/MS 
We have now adapted this procedure to the analysis of IAA and tryptophan in 
Rhizobium culture medium, using ethyl chloroformate and pentafluoropropanol to make 
the N-ethoxycarbonyl pentafluoropropyl ester of tryptophan and the pentafluoropropyl 
ester ofiAA. The mass spectra ofboth these compounds is dominated by the formation 
of the indole ion at m/z 130. The tryptophan derivative contains additional ions resulting 
from the elimination of the NH2C02Et moiety from the M+• (Fig 6.2 containing the 
spectra+ fragmentation) (Huang et al, 1993). 
To each aliquot (1 mL) of supernatant was added the internal standards, 
15N2-L-tryptophan (0.6 !lg) and indole 2,4,5,6,7-d5-3-acetic acid (6 !lg). The mixture was 
then acidified by the addition of 5M HCl (50 !lL). This was followed by 
pentafluoro-propanol (200 !lL) and pyridine (100 !lL). The samples were then vortexed 
for 5 s followed by the addition of ethylchloroformate (100 !lL). The samples were 
vortexed for another 10 s and allowed to stand for 10 min when the samples were 
extracted twice with CHCh (200!-ll). The CHCb was dried over anhydrous sodium 
sulphate and the CHCh evaporated in vacuo. The samples were then resuspended in 
CHzCh for GC/MS analysis. 
7.4.6 Gas chromatography mass spectrometry (GC/MS) 
Samples were injected (0.2 to 0.4f.lL injection volume) via an autosampler onto a 
fused-silica capillary column coated with a 100% dimethyl polysiloxane bonded phase 
(SGE Pty Ltd, Melbourne; BP-1, 12m x 0.22mm id, film thickness 0.25f.lm) which was 
eluted with He (inlet pressure 15 psi) directly into the ion source of a Fisons MD800 
GC/MS (injection port 280°C; interface 280°C; source 200°C). The column was 
temperature programmed from 80°C (hold 2 min) to 200°C at 30°C/min, then to 230°C at 
5°C/min, and finally to 270°C (hold 2 min) at 30°C/min. The mass spectrometer was 
operated in the electron impact ionisation (EI) mode with an ionisation energy of70 eV. 
Mass spectra were acquired with selected ion monitoring (SIM) of IAA, m/z 130, 135, 
307 and 312 (dwell time 0.08s) between 6 and 7 minutes; Chloro-IAA, m/z 165, 166, 342 
and 343 (dwell time 0.08s) between 7.5 and 8.5 minutes; Tryptophan, m/z 130, 131,408 
and 410 (dwell time 0.08s) between 9.8 and 11.2 minutes. Full scan mass spectra were 
acquired from m/z 50 to 500 in 0.45s. 
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7.4.7 Screening of supernatants collected from S. meliloti and Rhizobium strains 
grown in Bill and Bill supplemented with 100 Jlg mL"1 L-tryptophan at 72 h 
Aliquots (1 mL) of supernatants collected at 3 d from rhizobia strains grown in liquid 
growth media, Bill and Bill supplemented with 100J1g mL-1 L-tryptophan were diluted 1 
in 10 in fresh sterile FlO medium in Falcon tubes. Three-day-old rice cv. Pelde seedlings 
were then grown in Falcon tubes similar to section 5.4.7. The rice seedlings were then 
grown under rice growth conditions (section 2.5.3) for 7 d. Rice root morphology and rice 
development were observed and recorded in triplicates. 
7.4.8 Statistical analysis 
Statistical analysis was done using Instat (GraphPad software, Inc., Version 2.03, 
U.S.A.). Means and standard deviation values were subjected to one-way analysis of 
variance test used to determine the Probability (P) value. Tukey-Kramer multiple 
comparisons test was done when P <0.05. 
7.5 Results 
7.5.1 IAA synthesis in Sinorhizobium meliloti and Rhizobium leguminosarum bv. 
trifolii strains is stimulated in the presence of L-tryptophan in F1 0 and Bill liquid 
medium 
In Chapter 3, auxins in the forms ofiAA and NAA were shown to inhibit rice seedling 
growth. A similar pattern of root growth was also observed when rice seedlings were 
inoculated with inhibitory strains of Rhizobium and Sinorhizobium strains demonstrated a 
similar pattern of rice root growth (refer to Chapter 3,4,5 and 6). 
To investigate the role of auxin in the rice-Rhizobium interaction, wild type strains of S. 
meliloti, Sml021 and Rm2011 and their plasmid-cured and deleted derivatives were 
tested for their ability to synthesise IAA. Bacteria were inoculated in a minimal medium, 
Bill, and plant growth medium Fl 0 supplemented with the IAA precursor, L-tryptophan, 
at 100 mgmL-1 as in section 7.4.3. The two media were chose~ because Bill, compared to 
FlO liquid medium, is a bacterial growth medium while FlO is a plant growth medium. 
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At 72 h, growth of rhizobia was observed in liquid media Bill, Bill and FlO 
supplemented with L-tryptophan (data not shown). No growth of rhizobia was observed 
in FlO liquid medium at 72 h. No growth was observed in uninoculated controls. 
Using the colorimetric assay, it was found that IAA production by rhizobia was 
stimulated in Fl 0 and Bill growth media supplemented with L-tryptophan compared to 
non-supplemented FlO and Bill liquid media (Table 7.1). No IAA was detected in 
uninoculated controls. Interestingly, one of the S. meliloti Rm2011 pSymB deleted 
derivative, strain G277, was negative for IAA production (Table 7.1 ). 
GC/MS was used as described in sections 7.4.5 and 7.4.6, to verify and quantify the 
amount of endogenous IAA produced by each tested rhizobia strain (Table 7.2). 
In Bill liquid medium supplemented with L-tryptophan, all strains produced IAA 
(Table 7.2). However, strain G277, a pSymB deleted strain of wild-type strain Rm2011, 
produced very low amounts of IAA compared to its wild type Rm20 11, its closely related 
strain Sml021 and other pSymA and pSymB mutants of Rm2011 (Table 7.2). The 
amount of IAA measured for strain G277 was similar to the IAA amount for the 
non-inhibitory Rhizobium strain R4 in Bill medium supplemented with tryptophan 
(Table 7.2). Strain G271 had the highest IAA production per cell in liquid FlO and Bill 
medium supplemented with tryptophan (Table 7.3). To investigate the biological effect 
of IAA, in the supernatants collected, on rice seedling growth, rice plants were grown in 
Falcon tubes for 7 d as in section 7.4.7. All supernatants from rhizobia grown in Bill did 
not inhibit rice seedling growth after 7 d similar to that of the uninoculated control. All 
rice seedlings appeared to have a normal pattern of rice root growth and the rice shoots 
were green. All supernatants from S. meliloti Sml021, Rm2011 and plasmid-cured and 
deleted derivatives of strain Rm20 11, grown in Bill supplemented with tryptophan 
inhibited rice seedling growth after 7 d except for supernatant collected from strain G277, 
which appeared similar to that of the uninoculated control. Inhibited rice seedlings had 
yellow leaves and rice root morphology was affected by the formation of short lateral 
roots (data not shown). 
In FlO liquid medium supplemented with L-tryptophan, IAA production was lower by 
rhizobia compared to those grown in Bill medium supplemented with L-tryptophan 
(Table 7 .3). Strain SmA225 had the highest IAA production compared to all strains tested 
in FlO medium supplemented with L-tryptophan (Table 7.2). However, strain 
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G271 produced the highest amount IAA per viable cells in both FlO and Bill media 
supplemented with L-tryptophan (Table 7.3). 
Because L-tryptophan is a precursor to IAA formation, I looked for a correlation in the 
degradation or the metabolism of L-tryptophan to IAA formation by measuring the 
amount of endogenous L-tryptophan within each aliquot as in sections 7.4.5 and 7.4.6. 
Results for each strain grown in Fl 0 and BIII supplemented with L-tryptophan are shown 
in Table 7.4. 
All strains that made high concentration of IAA in BIII medium supplemented with 
L-tryptophan in Table 7.2 used almost all the tryptophan within the medium, while strains 
G277, R4 and E4 had the similar concentration of endogenous tryptophan remaining 
compared to the uninoculated control (Table 7.4) suggesting that IAA production can be 
correlated to tryptophan degradation/metabolism. This was also observed in FlO liquid 
medium supplemented with tryptophan (Table 7.2 and 7.4). 
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Table 7.1 Colorimetric estimation of IAA in Bill medium 
The bacteria were grown in L-tryptophan (100 llg mL-1) supplemented Bill and FlO liquid medium for 72 h in the dark at 29°C. Supernatants 
(20-25 mL) were collected and 1 mL aliquots were used to determine the presence and estimate the concentration ofiAA using the FeCh-HC104 
colorimetric assay. These were done in triplicate. Samples were observed for pigment formation. Means of OD530 nm readings were used to 
estimate the concentration endogenous IAA formed by rhizobia. 
IAA production IAA production in IAA production IAA production 
In liquid Bill Bill+ 100 llg mL-1 in FlO in FlO+ 100 J.tg mL-1 
tryptophan tryptophan 
Visible Pigment Visible Visible 
Pigment formation Pigment Pigment 
Strains formation (!lg mL-1) (!lg mL-1) formation (!lg mL-1) .formation (!lg mL-1) 
Control - 0.0 - 0.0 - 0.0 - 0.0 
Rm2011 - 0.3 - 0.0 + 1.9 + 17.1 
Sm1021 ND ND - 0.0 + 0.8 ND ND 
SmA818 - 0.0 - 0.0 + 0.8 + 16.5 
SmA146 - 0.6 - 0.0 + 2.2 + 15.3 
SmA144 - 0.8 - 0.1 + 0.8 + 19.1 
SmA225 - 0.5 - 0.0 + 8.8 + 17.8 
SmA845 - 0.7 - 0.1 + 0.8 + 16.8 
SmA838 - 0.2 - 0.2 + 1.0 + 18.5 
G270 - 0.4 - 0.0 + 1.9 + 15.8 
G271 - 0.5 - 0.5 + 3.1 + 12.4 
G277 - 0.3 - 0.0 - 0.4 - 0.4 
RmF909 - 0.3 - 0.1 + 2.0 + 14.4 
(-)No pigment formation observed with the naked eye;(+) Pigment formation indicating IAA formation; ND= Not Determined 
Table 7.2 IAA Production in culture by rhizobia grown in Bill and FlO liquid 
medium supplemented with 100 f.LgmL-1 L-tryptophan at 3d 
IAA was quantified by GC/MS using the isotope dilution assay performed in duplicate 
(section 7.4.5 and 7.4.6). Means and SDs values within each column were subjected to 
one-way ANOVA (section 7.4.7). Values in the column followed by the different letter 
are significantly different from each other when P < 0.05. 
IAA production (flg mL-1) 
Strains FlO+ 100 Bill Bill + 1 00 flgmL-
flgmL-1 L- (P= 0.0011) 1 
tryptophan L-tryptophan 
(P< 0.0001) (P<O.OOOl) 
Control 0.0+0.03 0.0 + o.oac 0.0+0.03 
Rm2011 1.3 + 0.53 0.1 + 0.03 8.8 + 0.9b 
Sm1021 0.4+0.1 3 0.2 + 0.23 11.0 + 0.8b 
SmA818 0.3 + 0.1 3 0.1 +0.03 8.2 + 0.7b 
SmA146 0.9+ 0.53 0.1 +0.03 9.0 + 1.4b 
SmA144 0.3+0.1 3 0.0+ 0.03 9.5 + 0.1° 
SmA225 9.0+0.7° 0.1 + 0.03 7.5 + 0.2° 
SmA845 0.9 + 0.33 0.0 + o.oac 11.9f\D 
SmA838 0.3Aa 0.2 + 0.03 9.9 + 1.8b 
G270 1.6 + 0.04b 0.0 + o.oac 10.1 +3.8b 
G271 3.7 + 0.3c 0.3 + 0.1 ab 12 + 1.3b 
G277 0.1 + 0.043 0.0 + o.oac 0.6 +0.03 
RmF909 1.2 + 0.63 0.0 + o.oac 7.4 + 0.4° 
R4 ND 0.0 + o.oac 0.7+ 0.1 3 
E4 ND 0.0 + o.oac 2.5 +0.53 
A . 
-Duplicate sample was lost, only one repeat, ND- Not Determmed 
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Table 7.3 Amount of IAA in culture by rhizobia grown in Bill and FlO liquid 
medium supplemented with 100 J..lgmL-1 L-tryptophan at 3d 
At 3 d, viable counts of each strain tested for IAA production were used to determine 
the amount of IAA produced by the number of viable cells in culture. Means and. SDs 
values were calculated and are tabulated below. Values in the column followed by the 
different letter are significantly different from each other when P < 0.05. 
Specific productivity 
Strains In FlO+ 100 J..lgmL-1 In Bill+ 100 J..lgmL-1 
L-tryptophan L-tryptophan 
(J.lg/l 08 viable cells) (J..lg/109 viable cells) 
Rm2011 9.9 ± 10.3 14.4 ± 11 
Sm1021 5.1 ± 2.6 1.4 ± 0.1 
SmA818 2.0 ± 0.4 6.2 ± 1.5 
SmA146 2.5 ± 1.2 97.6 ±24 
SmA144 10.2 ± 8.5 4.1 ± 0.05 
SmA225 74.2 ± 67.1 3.6 + 1.6 
SmA845 5.4 + 5.3 91~6A 
SmA838 tJ"A 6.6 ± 3.3 
G270 17.1±4.4 4.5 + 2.2 
G271 1510.9 ± 928.1 7.7 X 106 ± 4.8 X 106 
G277 0.2 ± 0.1 2.8 ±2.5 
RmF909 13.8 ± 18.5 6.0 ±2.3 
R4 ND 1.9 ± 0.8 
E4 ND 4.5 +2.7 
A Duplicate sample was lost, only one repeat; ND= Not Determined 
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Table 7.4 Concentration of L-tryptophan in culture by rhizobia grown in Bill and 
FlO liquid medium supplemented with 100 J..tgmL-1 L-tryptophan at 72 h 
The concentration of residual L-tryptophan using GSMS (section 7.4.5 and 7.4.6) was 
determined in duplicate in 1 mL aliquots. Means and SDs values within each column 
were subjected to one-way ANOVA (section 7.4.7). Values in the column followed by 
the different letter are significantly different from each other when P < 0.05. 
Concentration ofL-tryptophan at 72 h (J..tg/mL) 
Strains In FlO+ 100 J..tgmL-1 In Bill+ 100 J..tgmL-1 
L-tryptophan L-tryptophan 
(P= 0.1790) (P< 0.0001) 
Control 13.4+0.la 10.5 + 0.1 b 
Rm2011 12.4 ± 0.3 a 0.1 ± o.oa 
Sm1021 12.4 ± 0.2 a 0.0 ± o.oa 
SmA818 14.9 ± 0.2 a 0.0 ± o.oa 
SmA146 12.6 ± 0.3 a O.O+O.Oa 
SmA144 12.6 ± 1.6a 5.8 + 8.2ab 
SmA225 12.6 ± 0.1 a 0~0Aa 
SmA845 12.9 + 1.0 a ND 
SmA838 12~Aa 0.0 ± o.oa 
G270 12.1 ± 0.1 a 0.9 ± 0.6a 
G271 11.6 ± 0.1 a 0.1 + o.oa 
G277 13.9 ± 1.2 a - b 10.1 ± 0.1 
RmF909 17.6±5.7a 0.0 + o.oa 
R4 ND 
- b 
13.1 + 0.8 
E4 ND 10.2 + o.ob 
A 
-Duplicate sample was lost, only one repeat, ND- not determmed 
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7.6 Discussion 
7.6.1 Quantification of IAA is more sensitive and specific when using the GCMS 
compared to the FeCh-HCl04 colorimetric assay 
Samples were screened colorimetrically and these results were confined by GC/MS. It 
was noted that the colorimetric assay consistently overestimated the level of IAA (Table 
7.1 and 7 .2), which is not unexpected as the colorimetric assay lacks specificity and will 
also detect other indole compounds such as indole, skatole, indole-3-carboxylic acid and 
indole-3-butyric acid (Gordon and Weber, 1950). However, studies have shown that 
Rhizobium has the ability to make such indole compounds e.g., indole-3-carboxylic acid 
(Badenoch-Jones et al., 1982) and such compounds can still play a role in plant 
development. Therefore there is a possibility of such indole compounds, or auxin 
precursors being present in supernatants, which may have contributed to the 
overestimation IAA levels observed in Tables 7 .1. Furthermore, such compounds can 
also have 'auxin-like' activity and can contributed to the formation of short lateral roots 
observed with rice plants treated with inhibitory Rhizobium strains (Chapter 3,4,5 and 6). 
7.6.2 IAA production and specific productivity is higher in minimal medium Bill 
supplemented with tryptophan 
Many studies in IAA biosynthesis in bacteria (Emstsen et al., 1987; Zimmer et al., 
1991; Kittell et al., 1989; Costacurta and Vanderleyden, 1995; Patten and Glick, 1996, 
2002; Carrefio-Lopez et al., 2000; Minamisawa and Fukai, 1991; Wang et al., 1982) have 
shown that IAA production is stimulated by the presence ofL-tryptophan. Similar results 
were also obtained in these studies (Tables 7.1 and 7.2). Studies by Basu and Ghosh 
(200 1) also demonstrated that different carbon and nitrogen sources also affected IAA 
production in cultures of Rhizobium sp. This also highlights the difference between the 
two media used in this chapter to investigate IAA production. IAA production was much 
higher in BIII medium supplemented with L-tryptophan compared to FlO medium 
supplemented with L-tryptophan (Table 7.2). This suggests that rhizobia in FlO medium 
may produce a lower level ofiAA. However, in Chapter 4, it was demonstrated that strain 
Sml021 inhibited the growth of its pSymA cured and pSymA deleted derivatives, 
SmA818 and SmA146 respectively in FlO in the presence of rice seedlings over a 
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period of 21 d. This killing effect by Sm1021 was only mimicked in rich medium such 
as TA (refer to investigations in Chapter 4). Therefore the IAA concentrations found in 
liquid FlO supplemented with L-tryptophan (Table 7.2) may not reflect the IAA 
concentration within the Majenta jar containing Sm1021 treated rice seedlings grown 
the FlO liquid medium for 21 d. However, rice roots are a possible rich source of carbon 
and nitrogen through the release of plant exudates from root tissue, or dead root tissue 
and may affect IAA production. One way to improve this experiment would be to 
measure the level of exogenous IAA in the medium in Magenta jars over the duration of 
an experiment and to investigate the formation of IAA in a rich medium such as T A. 
7 .6.3 IAA is not the major cause of rice growth inhibition by inhibitory strains of 
rhizobia 
In Chapter 3, it was shown that 1 x 1 o-6 M concentration of IAA and NAA inhibited 
rice seedling growth at 7 and 14 d. The concentration of IAA is approximately 
equivalent to 0.2 !lg mL-1 ofiAA. At 72 h, in FlO supplemented with L-tryptophan, the 
non-inhibitory pSymA deleted derivative of Rm2011, SmA225 had the highest amount 
of exogenous IAA (Table 7.2). In BIII supplemented with L-tryptophan, all pSymA 
deleted and cured strains ofRm2011 made a high amount of exogenous IAA above 0.2 
!lg mL-1 (Table 7.2). The concentrations of exogenous IAA made by strains, SmA818, 
SmA146, SmA225, SmA144, SmA845 and SmA838 were similar to the inhibitory 
strains Sm1021 and Rm2011 (Table 7.3) and aliquots tested did inhibit the growth of 
rice seedlings cv. Pelde at 7 d (section 7.5.1). 
In Chapter 4, pSymB deleted strains RmF909, 0270, G271 and G277 partially 
inhibited rice seedling growth compared to Sml021 treated rice seedlings. Strain 
RmF909 inhibited rice growth to the same extent as wild type strain Sm1021 and 
Rm2011 (refer to Chapter 4). Strain 0270 appeared to be intermediate between Sml021 
and strains G271 and G277, which partially inhibited rice seedling growth (refer to 
Chapter 4). Strain 0271, which partially inhibited rice growth, produced the highest 
amount of IAA (Table 7.3). It is important to note that viable counts were usually 
between 108 to 109 cells mL-1, however, strain G271, had the lowest number of viable 
cells (- 1000 cell mL-1) at 72 h (data not shown). This highlights the fact that strain 
0271 is deficient in cell replication and growth (refer to Chapter 5). However, strain 
0277 is deficient in IAA formation compared to wild-type strains Sm1021 and Rm2011 
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and pSymA and pSymB mutants of Rm2011 in Bill medium supplemented with L-
tryptophan {Table 7.2). The amount of exogenous IAA was similar to the amount of 
exogenous IAA for the non-inhibitory Rhizobium strain R4 {Table 7.2). Strain 0277 is 
very interesting strain, deficient in IAA, because compared to other pSymB deleted 
strains RmF909, 0270 and 0271, it has an extra 130 Kb deleted. Using the S. meliloti 
database, it was found that this deleted region contained aminoacid transporters and 
transporters of small compounds. Thus it is possible that 0277 has a defective 
mechanism for transporting L-tryptophan into the cell, limiting the IAA precursor or 
IAA production. Alternatively, it is possible that the ability of the cell to transport IAA 
out into the growth medium is defective. 
These results and Table 7.5 demonstrate that exogenous IAA from S. meliloti or 
Rhizobium strains is not the direct cause of rice growth inhibition. 
Table 7.5 Is there a correlation to IAA formation and inhibition of rice growth by 
S. meliloti and Rhizobium strains? 
Strains Inhibition of Rice IAA concentration 
Growth Bill+ 100 mg mL-1 
L-tryptophan 
(from Table 7.2) 
Control - 0.0+ o.oa 
Rm2011 ++ 8.8 + 0.9b 
Sm1021 ++ 11.0 + 0.8b 
SmA818 - 8.2 +o.7b 
SmA146 - 9.0 + 1.4b 
SmA144 - 9.5 + 0.1b 
SmA225 - 7.5 + 0.2b 
SmA845 - 1 i~9Ab 
SmA838 - 9.9 + 1.8b 
G270 + 10.1 + 3.8b 
G271 + 12 ±-1.3b 
G277 + 0.6+0.0a 
RmF909 ++ 7.4 ± 0.4b 
R4 - 0.7 ± 0.1a 
E4 ++ 2.5 +0.5a 
A Duplicate sample was lost, only one repeat 
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7 .6.4 Can IAA induce the activity of nitrate reductase in the rice plant? 
Recent studies in the perennial chicory ( Cichorium intybus L.) have demonstrated 
that NAA could induce the formation of lateral root meristems in excised roots 
(Vuylsteker et al., 1998). It is known that in these newly initiated meristems, the nia 
gene, which encodes nitrate reductase is expressed (Vuylsteker et al., 1998). This 
reductase is involved in the nitrate assimilatory pathway in plants (Vuylsteker et al., 
1998). It was proposed that the reinduction of nitrate induction activity was driven by 
the increased demand for reduced nitrogen (Vuylsteker et al., 1998). 
In Chapter 6, I proposed that nitrite and nitric oxide were involved in the inhibition 
of rice growth. There is a possibility that IAA produced in the inhibitory strains such as 
Sm1021, may induce not only new lateral root meristems but also induce the nitrate 
reduction genes within rice roots. This may contribute to a higher concentration of 
nitrite within rice root tissues and within the medium. This high level of nitrite within 
the rice roots may then have an inhibitory effect due to the subsequent accumulation of 
nitric oxide (NO) within the rice root tissues. Therefore, why was the rice growth 
inhibition not observed in rice seedlings inoculated with pSymA deleted and cured 
mutants of Rm2011 and strain R4? One possible explanation is that there may be no 
nitrate dissimilatory reduction genes in the pSymA deleted and cured derivatives of 
Sm1021, which cannot therefore reduce nitrite to nitrous oxide. The level ofNO within 
the medium might be low or in the case of strain R4, the NO formed might be 
completely converted to nitrogen gas. 
However, it is important to note that there are two remaining copies of nitrite 
reductase within S. meliloti Sm1021. One is located on the pSymB megaplasmid and it 
is involved in nitrate assimilation with NH4 + as the end product, and the other is on the 
chromosome but its function is unknown. To investigate the role of nitrite reductase of 
S. meliloti Sm1021 (Rm2011) in the inhibition ofrice growth would require selective 
silencing of these genes found on the chromosome, pSymA and pSymB. 
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Figure 7.1 Schematic representation of known metabolic pathways for IAA synthesis 
from Trp: the-indole-3-acetamide (lAM) route (1); the indole pyruvate (IPyA) route (2) 
via indole acetaldehyde (IAald), indole lactic acid (ILA), and indole ethanol (IEth); the 
tryptamine (TAM) route (3); the tryptophan side chain oxidation (TSO) route (4); the 
indole-3-acetonitrile (IAN) route (5) via the nitrilase; the IAN route via the nitrile 
hydratase and amidase (6). Ant, anthranilic acid; Ind, indole; Ind glycerol ph, indole 
glycerol phosphate. 
(Aoa~tea from Carreno·lo~ez et al., i~~~) 
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CHAPTERS 
GENERAL DISCUSSION 
8.1 Summary of results 
8.1.1 Summary of chapter 3 
* Legume-associated Rhizobium strains can intimately associate with and enter rice roots within 
48h 
* The rice-Rhizobium association is a complex interaction between medium, the non-legume 
host and the rhizobia 
* Plasmid-associated genes of Rhizobium strains are involved in the inhibition or the stimulation 
of rice seedling growth and at least four replicons are needed to inhibit rice growth 
* High concentration of exogenous auxin, cytokinin and nitrate mimicked the effect of 
inhibitory Rhizobium strains on rice root growth and development 
* Proposed hypothesis: The inhibition of rice root growth linked to the plasmid of the 
associating rhizobia 
8.1.2 Summary of chapter 4 
* Legume-associated Sinorhizobium meliloti wild-type strains Sm1021 and Rm2011 inhibited 
rice seedling growth of cv. Pelde and cv. Calrose 
* All pSymA deleted and cured derivatives of Rm2011 had no effect on rice growth while 
pSymB deleted derivatives partially inhibited rice seedling growth 
*A single cell of either Sml021 or Rm2011 can inhibit rice seedling growth 
*Rice growth inhibition is associated with the pSymA of Sm1 021 (Rm2011) 
*Agar and the form of nitrogen in the plant medium affected the Sm1021-rice seedlings 
interaction 
8.1.3 Summary of chapter 5 
* When the megaplasmid pSymA was transferred into the non-inhibitory Rifampicin resistant 
strain W14-2, which contained only its pc plasmid, rice growth inhibition was observed 
*Complementation studies with RP4 plasmids suggests that genes linked to rice growth 
inhibition are located on the remaining 450Kb deleted regions of the pSymA deleted strain 
SmA146 and are involved in nitrate reduction and IAA biosynthesis 
8.1.4 Summary of chapter 6 
* Mutations in the genes responsible for nitrate transport and reduction genes, in megaplasmid 
pSymA of Rm20 11, did not abolish rice growth inhibition 
*Nitrate reduction assays demonstrated that rhizobia can either reduce nitrate to nitrite, 
completely denitrify nitrate to N2 gas or were deficient in nitrate reduction 
* Evidence suggests that high level of nitrite in medium may be the cause of inhibition 
* Proposed hypothesis: High level of nitrite in medium or in rice root plant tissue may affect 
rice seedlings and rhizobia through the synthesis of toxic nitric oxide (NO). 
8.1.5 Summary of chapter 7 
* All S. meliloti strains, Sm1021 (Rm2011) and pSymA and pSymB deleted and cured 
derivatives of Rm20 11, and rice-associated strains R4 and E4, synthesise IAA 
* All pSymB deleted derivatives of Rm20 11 synthesise IAA to the same level or higher than the 
wild -type strain Rm20 11, except for strain G277, which was deficient in IAA synthesis 
*IAA is not the major cause of rice growth inhibition in cv. Pelde, as all non-inhibitory pSymA 
mutants ofRm2011 could make IAA to levels, which inhibited rice growth 
* However, IAA may be indirectly involved in the rice-Rhizobium inhibition phenomenon 
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8.2 Introduction 
Rice is an important crop that feeds nearly half of the world's population (Fischer, 
2000) and it is one of the important non-legume crops including wheat and sugarcane. 
The most important nutrient input required for rice production is nitrogen (Ladha and 
Reddy, 2000). The problem of agricultural application of inorganic N-fertilisers is that 
not all theN-fertiliser is available to the plants due to significant environmental losses 
via leaching and volatilisation (Phillips, 1999). Furthermore, the manufacture of N-
fertiliser requires fossil fuel energy, which is non-renewable, and its oxidised products 
pose hazards to human health and the environment, contributing to global warming 
(B0ckman 1997). 
Biological nitrogen fixation (BNF), on a global scale provides the largest N input to 
soils at about 140 Gtonnes N per year (B0ckman, 1997). The advantage of a BNF 
system, if assembled in the rice plant is that the fixed nitrogen would be directly 
available to the plant, with little or no loss (Ladha and Reddy, 2000). 
Recent evidence had shown that there can be significant inputs of BNF to 
graminaceous plants such as rice (Boddey et al., 1995; 1997). It was thought that the 
input of BNF was due to N2-fixing bacteria in the rhizosphere. However, many studies 
have shown that certain diazotrophs colonise the interior of the plant tissues of many 
agricultural crops (Hallmann et al., 1997; Reis et al., 2000; Sturz et al., 2000 and 2001; 
Triplett, 1996). Examples of endophytic diazotrophs that have been isolated from plant 
root tissues are: Acetobacter diatrophicus in sugar cane (Bellone et al., 1997); 
Azospirillum in wheat (Dobbelaere et al., 2001; Broek et al., 1998; Kennedy et al., 
1997); Azoarcus in kallar grass, wheat and rice (Reinhold-Hurek and Hurek, 1997; 
Engelhard et al., 2000; Hassan et al., 1998; Malik et al., 1997); Herbaspirillum 
seropedicae Z67 in rice (Barraquio et al., 1997; Gyaneshwar et al., 2002) and 
Rhizobium in maize and rice (Gutierrez-Zamora and Martinez-Romero, 2001; Perrine et 
al., 2001; Prayitno et al., 1999; Yanni et al., 1997; Tan et al., 2001; Chaintreuil et al., 
2000; Rolfe et al., 2000). 
A collaboration of research institutions set the following research initiatives to 
explore and to evolve strategies to improve rice-endophytic diazotroph associations 
(Ladha and Reddy, 2000): (a) identifying specific and predominant endophytic 
diazotrophs in rice; (b) determining the mode of invasion and extent of colonisation by 
endophytic diazotrophs and (c) assessing the contribution of endophytic diazotrophs to 
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rice growth and yield through nitrogen fixation and growth promotion (Ladha and 
Reddy, 2000). 
Some of the above mentioned endophytes included the Rhizobium leguminosarum 
bv. trifolii strains, which have been isolated from rice root tissues (Ladha and Reddy, 
2000; Yanni et al., 1997). Studies by Yanni et al. (1997) (2001), Dazzo et al. (2000) and 
Prayitno et al. (1999) demonstrated that R. leguminosarum bv. trifolii strains increased 
root and shoot growth of rice in growth chamber experiments and grain yield of rice in 
field inoculation experiments. However, no evidence of positive plant growth promoting 
responses in Rhizobium-rice association has been attributed to BNF (Dazzo et al., 2000). 
Furthermore, studies by Prayitno et al. (1999) demonstrated that some R. 
leguminosarum bv. trifolii strains under certain growth conditions could either promote 
rice growth (e.g., strain R4) inhibit (e.g., strains ANU843 and, the rice endophyte, E4), 
or have no effect on rice growth. 
To investigate the extent of the association of rhizobia in rice roots, the following 
questions require answers: 
• Can other legume-associated Rhizobium strains influence rice growth? 
• What is the mode of infection and colonisation of Rhizobium strains in rice 
roots? 
• What features of rhizobia are important for the infection and colonisation of rice 
root tissue? 
• How do rhizobia promote or inhibit rice plant growth? 
In this chapter, I will evaluate the overall consequences of Rhizobium-rice 
associations under laboratory conditions and their implications for future development 
of naturally occurring rhizobia-rice associations in agriculture and its potential benefits. 
8.3 Legume-associated strains of rhizobia can intimately interact with rice 
seedlings 
Yanni et al. (1997) showed that berseem clover nodulating strains of R. 
leguminosarum bv. trifolii could infect rice root tissues and promote rice seedling 
growth and consequently rice grain yield. In this study, I have demonstrated that other 
legume-associated strains of rhizobia such as R. leguminosarum bv. trifolii ANU843 
and W14-2, which nodulate white clover, R. leguminosarum bv. viciae strain VF39SM, 
which nodulates vetch, and S. meliloti strain Sm1021(Rm2011) which nodulates alfalfa 
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and Medicago truncatula, are capable of forming an intimate association with rice. 
Colonisation studies in rice root tissues demonstrated that the Medicago-associated 
strain, Sm 1 021, colonised the surface of, and infected, rice root tissues. 
Other plant-associated strains of Escherichia coli and Agrobacterium tumefaciens 
C58 can also intimately associate with the root of rice seedlings (Prayitno et al., 1999; 
Perrine et al., 2001). This suggests that the intimate association of rhizobia with rice 
seedlings observed in Egypt may have a much wider application in that many other 
legume-associated strains of rhizobia can potentially interact with rice seedlings. 
8.4 Mode of infection and colonisation by rhizobia in rice root tissue 
In Rhizobium-legume associations, the Rhizobium has three modes of entry. First, via 
infection threads in the root hairs in most legumes, secondly, via crack entry as in the 
Stylosanthes spp. (Chandler et al, 1982), and Arachis hypogaea L. (Chandler, 1978), 
and thirdly, the dissolution of the middle lamella in Mimosa scabrella (van Rhijn and 
Vanderleyden, 1995; Hadri et al., 1998; Dakora, 2000; de Faria et al., 1988). In the non-
legume Parasponia, infection is through erosion of the mucilage layer of the primary 
cell wall of the epidermus (Bender et al., 1997). In addition, rhizobia have the ability to 
modify root structure to form a nodule primordium within the root cortex of legumes 
and Parasponia. In most cases, the colonisation of the developing nodule primordium is 
via infection threads (Chapter 1). 
In the study of Rhizobium infection and colonisation of rice roots, it was observed 
that rice seedlings grown in liquid medium along with certain GFP-labelled rhizobia, 
contained long lines of bacteria within the intercellular spaces of the lateral roots while 
others were infected at the lateral root junctions (Prayitno et al., 1999). It appears that 
infection thread like structures are not formed in the lateral roots of rice as the GFP-
labelled bacteria are confined within the intercellular space (Prayitno et al. 1997; 
McCully, 2001). In primitive legumes and Parasponia, rhizobia proliferate in the cortex 
and the intercellular colonies initiate the formation of infection threads within the 
nodule primordium (Bender et al., 1987; de Faria et al., 1986). 
Furthermore, Rhizobium strains infecting rice seedlings (cv. Pelde and cv. Calrose) 
modified the lateral root development and growth by the formation of short lateral roots. 
In Parasponia, the induced nodules are modified roots because the initiation site leading 
to nodule formation is the pericycle rather than the cortex and the vascular tissue is 
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central instead of peripheral, which is similar to lateral root anatomy and development 
(Hirsch and LaRue, 1997). 
This raises the question of the difference between Parasponia and rice as both are 
non-legumes whose roots are modified and colonised by Rhizobium, but nodulation 
occurs only in the former but not the latter. 
This thesis demonstrates that Rhizobium can enter rice root tissue via root hairs. It 
was observed at 48 h post inoculation, that GFP-labelled rhizobia were within the rice 
root hairs, especially near the lateral root junction. Infection thread-like structures were 
also observed in these infected rice root hairs and in one case, one rice root hair curled 
when inoculated with GFP-labelled strain R4. Therefore, at least part of the signalling 
pathway for nodulation in legumes may also be found in rice. Recent evidence shows 
that rice contains some homologues of the early nodulation genes (Reddy et al., 1999; 
Reddy et al., 1998). ENOD genes are induced and are required for normal nodule 
development in legumes (Ladha and Reddy, 2000). In legumes, some nodulins are 
involved in the formation of symbiotic structures e.g. early nodulin ENOD2 is actively 
synthesized in the nodule parenchyma, while ENOD5 and ENOD12 are accumulated in 
the walls of infection threads (Mylona et al., 1995). Nodulin ENOD40 is believed to be 
involved in balancing the hormonal status of the developing nodule (Hirsh and LaRue, 
1997; Mathesius et al., 1998a; Provorov et al., 2002). Also it has been shown that the 
overexpression of enod40 accelerated mycorrhizal colonisation and enhanced the 
formation of arbuscules in M. truncatula plants (Staehelin et al., 2001; Sinvany et al., 
2002). 
Nod factors are required for early nodulins to be expressed in legumes. Reddy et al. 
(2000) demonstrated that rice containing the MtENOD12 promoter fused to GUS could 
be activated in rice root cortical cells, the endodermis, the pericycle and 
parenchymatous cells in the stele, by the Nod factor from Rhizobium strain NGR234, at 
concentrations 10-6-10-9 M. Plazinski et al. (1985) also showed that introducing the IncQ 
multicopy vector (pKT230) carrying R. trifolii root hair curling (Hac) genes into a Sym 
plasmid-cured derivative of strain ANU843 caused a root hair curling response in maize 
and rice plants at 14 d post inoculation. Therefore, the ability of some strains of rhizobia 
to infect rice root hairs and the intercellular spaces of rice roots and modify rice root 
structure is possibly due to the rice's ability to perceive Nod factors. This also broadens 
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the association of rice with mycorrhiza as the same signalling pathway is induced by 
mycorrhiza and this may be a fruitful area for future experiments. 
8.5 Rhizobium can influence rice root growth to enable root colonisation 
In legumes, colonisation of the nodule primordium is via infection threads. In some 
cases, rhizobia can 'hijack' cortical cells at the lateral root junctions and form nodules 
in the mature root zone in legumes (Mathesius et al., 2000b). However, when inoculated 
with R. leguminosarum bv. viciae RBL5601, vetch (Vicia sativa subsp. nigra) 
developed thick and short roots (van Brussel et al., 1986; Zaat et al., 1989). These thick 
short roots nodulated in an abnormal way because nodules are formed only at sites 
where the lateral roots emerged (Zaat et al., 1989). In rice, all inhibitory strains of 
rhizobia not only stunted rice growth and development but also induced the formation 
of short lateral roots (Chapter 3, 4, 5, 6). Other inoculation studies of rice have shown 
that rhizobia induced phenotypic changes to lateral root development (Reddy et al., 
1997; Perrine et al., 2001; de Bruijn et al., 1995; Prayitno et al., 1999; Rolfe et al., 1997; 
Ridge et al., 1993 ). Similar observations have been made for the infection of rice roots 
by Klebsiella and Azospirillum (El-Khawas and Adachi, 1999). 
Prayitno et al (1999) demonstrated that under certain growth conditions, GFP-
labelled strain R4 could colonise intercellular spaces and could multiply and migrate to 
form long lines of individual bacteria in the growing lateral root. GFP-labelled strains 
E4 and ANU843 colonised lateral root junctions and formed short lines of cells in the 
intercellular space of lateral roots (Prayitno et al., 1999). 
However, the removal of at least 4 replicons in strain ANU843 had no effect on rice 
growth and the rice root development appeared normal compared to uninoculated rice 
seedlings and R4-treated rice seedlings (Chapter 3, Perrine et al., 2001). Also the GFP-
labelled strain, CFNS601, formed long lines of bacteria in the intercellular space of 
growing lateral roots (data not shown). 
In chapter 3, I proposed that the pattern of colonisation of GFP-labelled rhizobia 
were influenced by rice root growth. In chapter 4, non-inhibitory strains of S. meliloti 
such as SmA225 and SmA838, did not effect lateral development and growth but still 
formed long lines of GFP-labelled bacteria within the lateral roots. 
This short lateral root phenotype in uninoculated rice plants could be mimicked by 
the addition of nitrate/nitrite, or auxins (NAA and IAA) or cytokinin (6-BAP) at high 
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concentration and all had detrimental effects on rice growth. It would be interesting to 
see if the GFP-labelled strain of R4 when inoculated during one of these treatments, 
would mimic the responses of the inhibitory strains such as E4, ANU843 and Sm1021 
or Rm2011. 
It is important to understand what signals are involved in modifying rice root 
structures, i.e. to produce short lateral roots, as an understanding may help in building a 
BNF system in rice, similar to that of Parasponia. Under the rice growing conditions in 
this study, Rhizobium, nitrate, auxins and cytokinin could also modify rice root tissue to 
form short lateral roots. In legumes, rhizobia can modify root structures 'in a controlled 
manner' and not trigger an inhibitory response. However, some Fix- rhizobia can cause 
thick short root effects on legume roots. 
It is also known that Rhizobium can colonise the intercellular spaces and also lateral 
root junction sites of rice roots (Chapter 3 and 4). These two sites of colonisation are 
important. The colonisation of the nodule primordium in Parasponia is via intercellular 
infection and the eventual formation of infection threads in the cortex. In the mature 
zone of white clover roots, rhizobia can 'hijack' cortical cells at the site of lateral root 
emergence and form nodules associated with the formation of lateral roots (Nutman 
1948, 1956; Bauer, 1981; Mathesius et al., 2000). If short lateral root formation could 
be regulated in rice roots without inhibiting growth, it may provide a site for nitrogen 
fixation by rhizobia. 
8.6 What is the cause of plant growth promotion or inhibition in rice plants 
inoculated with rhizobia? 
The reasons for investigating rhizobia induced inhibition rather than stimulation in 
rice plants were: 
• It was easier to screen for the inhibition of rice growth by rhizobia rather than 
the stimulation; 
• Stimulatory and inhibitory components of rhizobia may both be expressed but 
under certain rice growth conditions (Prayitno et al., 1999), the inhibitory 
components may be dominant; 
• Rice growth inhibition may be due to the overexpression of the stimulatory or 
plant growth promoting properties of rhizobia. 
155 
Chapter 8: General Discussion 
It was decided that initially the most useful approach to studying the Rhizobium-rice 
interaction was to use plasmid-cured and plasmid deleted derivatives of rhizobia. It was 
found that the inhibitory genes were associated with at least 4 replicons (Chapter 3), 
while in S. meliloti 1021, the megaplasmid pSymA played a major role in the inhibition 
of rice growth though some genes on the pSymB affected the extent of rice growth 
inhibition (Chapter 4 and 5). 
The form of nitrogen and other components of the plant growth medium repressed 
the expression of the inhibitory plasmid-associated genes in strain ANU843. Similar 
results were observed with strain Sm1021, but light and the amount of agar in the plant 
growth medium were also found to effect the expression of the inhibitory plasmid-
associated genes in rhizobia either via the plant and/or rhizobia in the medium (Chapter 
4). 
It was shown that the form of nitrogen affected uninoculated rice plants and ions in 
the plant medium as rice plants had a higher root and shoot mass when grown in 
Hoagland's medium compared to F medium supplemented with 10 mM potassium 
nitrate (Chapter 3). For example, strains E4 and Ell treated rice seedlings were growth 
inhibited when grown in liquid Fl 0 medium (Prayitno et al., 1999). However, rice 
seedlings treated with the same strains either grew as well as the control plants or were 
stimulated in growth when grown in Hoagland's medium (Prayitno et al., 1999; Yanni 
et al., 1997; 2001). To investigate the colonisation of rhizobia, rice plants were grown in 
liquid F medium supplemented with 10 mM potassium nitrate to mimic a flooded paddy 
field treated with nitrate-based fertiliser (Prayitno et al., 1999). The type of media was 
thus shown to markedly affect the ability of rhizobia to inhibit rice growth. 
In Chapter 4, it was demonstrated that in liquid Fl 0 medium, supplementation ofF1 0 
medium with more than 0.4% agar could abolish the rice growth inhibition ofSm1021. 
The agar either buffered the inhibitory compounds made by the rhizobia and excreted 
into the medium or affected the expression of certain plasmid-associated genes in the 
rhizobia. It is important to note that many rice plant growth studies in laboratories have 
been done in flooded soil in pots or in medium solidified with 1-1.2% agar (Yanni et al., 
1997; Yanni et al., 2001). Therefore, high concentration of agar in the plant growth 
medium may mask the potential inhibitory phenomenon of Rhizobium strains. 
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Another interesting finding was that just one cell of the inhibitory strain Sm1021 
under these conditions could inhibit rice growth, even in the presence of a large number 
of the non-inhibitory strains of rhizobia (Chapter 4). 
These findings suggest that in a rice paddy field that was anoxic, waterlogged and 
contained a high concentration of nitrate/nitrite or a particular form of nitrate, rice 
growth could be inhibited by rhizobia and indeed that a minimal presence of the 
appropriate rhizobia would be all that was required. Moreover, it has been observed that 
rice yield can vary widely across a whole rice bay in Australia - high yield at one end to 
low at the other end. This can be reversed in another season after refilling of the bay 
with fresh water, which could disturb the distribution of microbes and nutrients. Future 
studies in rice fields might make specific collections across a whole bay and investigate 
what type of microbes are most prevalent, stimulatory, inhibitory or have no effect in 
their association with rice seedlings. The ratio of such microbes could influence final 
rice yields in a particular rice field. 
In Chapters 6 and 7, I investigated the role of nitrate reductase and nitrate transport 
genes that were located on the pSymA and pSymB megaplasmids and IAA synthesis by 
Sm1021 and its plasmid-cured and deleted derivatives. It was found that nitrate was not 
the cause of inhibition and that there was no strong correlation between IAA synthesis 
and rice growth inhibition by Sm1021 (Chapter 6 and 7). However, it was shown that 
when nitrate was replaced by nitrite as sole source of nitrogen in the plant medium, 
Sm1021 treated rice plants were inhibited in growth. Nitrite at high concentrations (10 
mM) also inhibited rice growth. It was proposed that the accumulation of nitrite in the 
medium and in rice plant tissue may lead to the formation of nitric oxide (NO) (Chapter 
6, Figure 6.7). Rhizobia also have the ability to make NO and it is proposed that NO 
may be the cause of rice growth inhibition. Evidence was found that auxin can also 
stimulate NO accumulation in rice root tissue by the activation of nitrate reductase 
located in rice roots. 
Future experiments would involve generating a proteome map of Sm 1 021 (Rm20 11) 
when grown in the presence of nitrate or nitrite for comparison with the proteome of the 
non-inhibitory strains or of Sm1021 grown in the presence of rice seedlings over 21 d 
and to see if such genes are induced. Proteome analysis is a powerful tool for 
investigating the global changes in the gene expression of Sm1 021 (Guerreiro et al:, 
1999). It is now known that the presence of rhizobia and the expression of rhizobia! 
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plasmid-associated genes are linked to rice growth inhibition. Furthermore, we know 
how to induce the expression of such inhibitory genes and this finding can be used as an 
enrichment method before protein analysis. 
It would be interesting to monitor NO formation to investigate if nitric oxide is 
actually involved in the inhibition of rice growth and development. A systematic 
approach would be to generate Tn5 mutants of Sm1021 deficient in nitrite reductase 
activity and screen such strains using the rice plant bioassay. BAC clones of Sm1021 
also could be used to clone regions of the pSymA into R-primes and with 
complementation studies determine the DNA regions in pSymA responsible for rice 
growth inhibition. 
Another line of research would be to investigate IAA synthesis in Sm1021 as it was 
discovered that a pSymB deleted derivative, strain G277 is deficient in IAA synthesis 
(Chapter 7). Plasmid integration mutagenesis may be helpful in investigating the role of 
these genes for chloroperoxidases, aminotransferases and the tryptophan repressor 
binding protein (Chapter 5) and to determine their role in IAA synthesis, metabolism 
and transport and involvement in rice growth inhibition. 
8.7 Rice-Rhizobium interaction is very complex 
The findings presented in this thesis emphasise the complexicity of the rice-
Rhizobium interaction. However, the main advantages to studying Rhizobium-rice 
association compared to other endophytes are: 
• Extensive knowledge of the Rhizobium-legume interaction, particularly the 
infection process, the molecular signals involved in nodulation and the role of 
nifgenes; 
• The availability of well characterised mutants of various strains of Rhizobium; 
• The availability of the genomic sequence of the model strain Sinorhizobium 
meliloti 1 021. 
The use of these three tools in my thesis has demonstrated that plasmid-associated 
genes determine how the Rhizobium can intimitely associate with rice. Work with strain 
Sm1021 (Rm2011), suggested that these plasmid-associated genes, when expressed 
under certain rice growth conditions, induced morphological and phenotypic changes to 
rice lateral root growth and development, i.e. the formation of short lateral roots. 
Moreover, their expression affected the colonisation of rhizobia in the rice lateral roots. 
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Under such conditions, rice growth was inhibited. However, it was also found that light, 
the form of nitrogen and the presence of auxin also influenced the expression of the 
inhibitory phenomenon of strain Sm1 021 either by affecting the rice seedling and/or the 
bacterium. These interactions are summarised in Figure 8.1. 
8.8 Can BNF be achieved in rice? 
BNF in rice is undoubtedly a long-term goal (de Bruijn et al., 1995). In legumes, 
rhizobia can modify the plant root structure to form a nodule primordium, colonise the 
nodule primordium in a specific manner via the infection thread, fix atmospheric nitrogen 
within the nodule and stimulate the growth of the legume plant. Parasponia is the only 
known non-legume with which Rhizobium can intimately interact and form effective 
nodules. However, my study demonstrates that certain strains of rhizobia have the ability 
to infect rice root and colonise the intercellular spaces of rice roots without inhibiting the 
growth and the development of rice seedlings. Thus, the presence of non-inhibitory 
rhizobia in rice roots provides an opportunity to build a BNF system within rice roots. 
Rhizobium leguminosarum bv. trifolii strain R4 is very interesting due to its ability to; 
(a) Stimulate or have no inhibitory effect on the growth of rice seedlings under 
laboratory conditions (Chapter 3); 
(b) Infect and colonise the intercellular spaces of rice root tissues, forming long lines 
ofbacteria in the growing lateral roots of rice seedlings (Chapter 3); 
(c) Nodulate berseem clover under rice growth conditions (Chapter 3) and; 
(d) Completely reduce nitrate to N2 (gas) without accumulating NO, a toxic compound 
possibly involved in inhibiting lateral root development and rice growth (Chapter 6). 
Over 7 centuries, the production of rice in Egypt has benefited from clover rotation and 
during which native clover rhizobia have had the opportunity to interact with rice (Yanni 
et al., 1997). Presumably this has led to the selection of some Rhizobium strains that are 
competitively fit to occupy compatible niches within the habitat of the rice root interior 
without pathological stress on its host plant (Yanni et al., 1997). Therefore the presence 
of such rhizobia, for example strain R4, in the soil and occupying the intercellular spaces 
of rice roots without inhibiting the growth of its host plant suggests that soil in the Egypt 
Nile delta, where clover-rice rotation occurred, might be the center of origin where rice is 
coevolving in symbiosis with Rhizobium spp. 
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Therefore, strain R4 is a candidate for further study and genetic manipulation to 
increase our understanding of the rice-Rhizobium interaction and in achieving a long-term 
goal of some form ofBNF in rice (Figure 8.2). 
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Figure 8.1 Proposed involvement of Sinorhizobium meliloti Sm1021 and 
plasmid-cured and deleted derivatives in the inhibition rice growth. (A) 
Growth of uninoculated rice seedling control over 21 d with the uptake of 
nitrate and nitrate reduction to nitrite; (B) Released nitrite in Magenta jar is 
reduced to NO by S. meliloti Sml021 due to the presence of plasmid-
associated genes in Sm1021 and high NO level cause rice growth inhibition; 
(C) Lack of inhibitory plasmid-associated genes in pSymA-cured strain 
SmA818, means that no NO is formed and rice seedling growth and 
development is unaffected; (D) Presence of the inhibitory plasmid-
associated genes in pSymB deleted derivatives (strains G270, G271 and 
G277) but deletions of genes in pSymB (transporters and in cell replication) 
affect the amount of NO or other inhibitory substance(s) and cause partial 
rice growth inhibition. 
Light, IAA and form of nitrogen also affect the synthesis of NO or other 
inhibitory substance(s) either effecting the plant and/or the bacteria (green 
arrows). 
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Figure 8.2 Characterisation of Rhizobium leguminosarum bv. trifoliii strain R4 as a candidate for BNF in rice 
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APPENDIXB 
RAW DATA AND ANALYSIS FROM EXPERIMENTS 
GenS tat Release 6.1 (PC!Windows 2000) 28 November 2002 09: I 0:18 Copyright 2002, Lawes Agricultural Trust (Rothamsted 
Experimental Station) · 
chptl_l.gsh 
*****Analysis of variance***** 
F pr. <.001 
Total 227(24) 
Variate: logroot 
Grand mean 2.343 
treatment control anu843 a- b- c- d- e-
2.778 1.207 1.578 2.668 2.678 2.835 2.656 
Variate: logshoot 
F pr.<.OOl 
Total 227(24) 
Grand mean 3.062 
control anu843 a- b- c- d- e-
3.583 1.666 1.970 3.507 3.476 3.672 3.559 
chptl_2.gsh 
*****Analysis of variance***** 
Variate: logroot 
Fpr. <.001 
Total 83(12) 
Variate: logroot 
Grand mean 1.994 
treatment control anu843 a- b- c- d- e-
2.203 0.705 1.369 2.004 2.551 2.450 2.362 
treatment R4 
2.310 
Variate: logshoot 
F pr. <.001 
Total 83(12) 
Grand mean 2.855 
treatment control anu843 a- b- c- d- e-
3.247 1.489 1.575 3.205 3.331 3.294 3.377 
treatment R4 
3.320 
chptl_3.gsh 
*****Analysis of variance***** 
Variate: Jogroot 
F pr. <.001 
Total 93(2) 
Grand mean 2.332 
treatment control anu843 a-b- a-c-
2.651 1.380 2.635 2.660 
Variate: logshoot 
F pr. <.001 
Total 93(2) 
Variate: logshoot 
Grand mean 3.046 
reatment control anu843 a-b- a-c-
3.480 1.816 3.383 3.506 
chptl_ 4.gsh 
***** Analysis of variance***** 
Variate: logroot 
F pr. <.001 
*****Tables of means***** 
Variate: logroot 
Grand mean 1.945 
treatment control anu843 a- b- c-
2.284 0.729 0.935 2.236 2.428 
treatment A VG 
2.046 
Variate: logshoot 
F pr. <.001 
Total 95 45.62731 
Grand mean 2.804 
treatment control anu843 a- b- c-
d- e-
2.542 2.357 
d- e-
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3.018 1.872 1.600 3.158 3.296 3.199 3.331 
treatment AVG 2.962 
chptl_S.gsh 
*****Analysis of variance***** 
Variate: logroot 
F pr. <.001 
Total 89(6) 
Grand mean 2.520 
treatment control anu84 3 a- b- c-
3.250 0.733 0.692 2.864 3.309 
treatment AVG 
2.828 
Variate: logshoot 
F pr.<.OOI 
Total 89(6) 110.9729 
Grand mean 3.625 
treatment control anu843 a- b- c-
4.377 1.919 1.786 4.297 4.332 
treatment A VG 
3.809 
chpt1_6.gsh 
*****Analysis of variance***** 
Variate: logroot 
F pr.<.OOI 
Total 199(16) 
Grand mean 2.507 
d- e-
3.205 3.282 
d- e-
4.240 4.242 
treatment control anu843 VF39sm 
3.358 1.172 2.194 2.982 
b- c- d- e-
2.075 2.151 3.369 
treatment f- c-d-
3.366 1.895 
Variate: logshoot 
F pr. <.001 
Total 199(16) 
Variate: logshoot 
Grand mean 3.079 
treatment control anu843 VF39sm b- c- d- e-
4.378 2.117 2.307 3.109 2.680 2.516 4.201 
treatment f- c-d-
4.292 2.115 
chpt1_7.gsh 
*****Analysis of variance***** 
Variate: logroot 
F pr.<.OOl 
Total 90(5) 
Grand mean 2.794 
treatment 
reatment 
control 
2.798 
c only 
3.413 
Variate: logshoot 
F pr. <.001 
anu843 wl4-2 a only b only 
1.783 1.381 2.930 3.326 
d only plasmid free 
3.548 3.171 
Total 90(5) 
Variate: logshoot 
Grand mean 3.621 
treatment control anu843 wl4-2 a only b only 
3.853 1.737 1.237 4.473 4.457 
treatment c only d only plasmid free 
4.466 4.235 4.506 
chptl_S.gsh 
***** Analysis of variance***** 
Variate: logroot 
F pr.= 0.008 
Total 94(1) 
Variate: logroot 
Grand mean 3.774 
treatment control anu843 a- b- c- d- e-
4.107 2.898 3.379 4.037 3.981 4.002 3.751 
treatment r4 
4.036 
Variate: logshoot 
F pr. <.001 
Total 94(1 
Grand mean 4.162 
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treatment control anu843 a- b- c- d- e-
4.432 3.418 3.734 4.350 4.351 4.363 4.264 
treatment r4 
4.385 
chpt1_9.gsh 
*****Analysis of variance***** 
Fpr.=0.008 
Total 95 
Variate: logroot 
Grand mean 1.357 
treatment control anu843 794 csnl nodM 72 78 
2.925 0.687 0.567 1.207 1.335 1.067 1.563 
treatment 710 
1.509 
Variate: logshoot 
F pr. <.001 
Total 95 
Grand mean 2.334 
treatment control anu843 794 csnl nodM 72 78 
4.399 1.702 1.742 2.043 1.900 2.210 2.324 
treatment 710 
2.355 
chptl_l O.gsh 
*****Analysis of variance***** 
. F pr.= 0.005 
Total 47 
*****Tables of means***** 
Variate: logroot 
Grand mean 1.822 
treatment control anu843 c58 c58-ti 
3.373 1.054 1.425 1.438 
Variate: logshoot 
F pr. <.001 
Total 47 
Grand mean 2.536 
treatment control anu843 c58 c58-ti 
4.457 1.951 1.877 1.857 
chptl_ll.gsh 
*****Analysis of variance***** 
Variate: logroot 
F pr. <.001 
Total 70(1) 
*****Tables of means***** 
Variate: logroot 
Grand mean 2.538 
treatment control 843gtp NAA(I0-6M) NAA(I0-8M) 
3.396 1.115 2.100 3.541 
Variate: logshoot 
F pr. <.001 
Total 70(1) 
Grand mean 2.997 
treatment control 843gfP NAA(I0-6M) NAA(I0-8M) 
4.147 1.122 2.299 4.419 
chpt1_12.gsh 
*****Analysis of variance***** 
Variate: logroot 
F pr.=0.004 
Total 93(2) 
*****Tables of means***** 
Variate: logroot 
Grand mean 2.202 
treatment control 
3.174 
FIO+anu843 IOmM KCI 
1.410 1.887 
treatment I OmM KCI+anu843 IOmM NH4CI lOmM NH4CI+anu843 
2.066 1.879 2.168 
treatment IOmM NH4N03 IOmM NH4N03+anu843 
2.716 2.316 
Variate: logshoot 
F pr. <.001 
Total 93(2) 
Grand mean 2.965 
treatment control 
4.275 
FIO+anu843 IOmM KCI 
1.101 2.097 
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treatment lOmM KCl+anu843 !OmM NH4CI IOmM NH4Cl+anu843 
2.175 3.138 3.446 
treatment lOmM NH4N03 lOmM NH4N03+anu843 
3.752 3.738 
chptl_l3.gsh 
*****Analysis of variance***** 
Variate: Jogroot 
Total 23 
Variate: Jogroot 
Grand mean 2.993 
treatment control R4 R4pBRlAN(a) R4pBRIAN(b) 
2.881 2.971 3.127 2.992 
Variate: logshoot 
Total 23 
Grand mean 4.058 
treatment control R4 R4pBRlAN(a) R4pBRlAN(b) 
3.923 3.592 4.449 4.267 
chpt1_14.gsh 
*****Analysis of variance***** 
Variate: logroot 
Fpr.=0.035 
Total 95 
***** Tables of means ***** 
Variate: Jogroot 
Grand mean 1.267 
treatment control ANU843/ANU843gtp 
3.533 1.391 0.452 
Variate: Iogshoot 
F pr. <.001 
Total 94(1) 
Variate: logshoot 
Grand mean 2.510 
treatment control ANU843/ANU843gtp 
4.454 1.862 2.213 
chpt2_1.gsh 
*****Analysis of variance***** 
Variate: logroot 
Fpr.<.OOI 
Total 83 
*****Tables of means***** 
Variate: logroot 
Grand mean 2.190 
50mM nitrate IOOmM nitrate 
-0.306 
50mM nitrate I OOmM nitrate 
1.5ll 
treatment control anu843 sml021 sm20II sm818 sml4-6 ANUJ073 
3.522 1.060 1.052 0.247 2.994 3.212 3.244 
Variate: Jogshoot 
F pr.<.OOJ 
Total 83 
Variate: logshoot 
Grand mean 3.240 
treatment control anu843 sml021 sm2011 sm818 sml4-6 ANUI073 
4.165 1.807 1.801 1.935 4.o98 4.338 4.536 
chpt2_2.gsh 
*****Analysis of variance***** 
Variate: Jogroot 
F pr.<.OOI 
Total 71 36.7996 
*****Tables of means***** 
Variate: Jogroot 
Grand mean 2.378 
treatment Control ANU843 pm2129 pm2168 pm2238 pm2126 
3.525 2.013 1.826 2.460 2.473 1.973 
Variate: logshoot 
F pr.<.OOI 
Total 71 
Variate: logshoot 
Grand mean 2.850 
treatment Control ANU843 pm2129 pm2168 pm2238 pm2126 
4.241 2.412 2.253 2.768 2.906 2.518 
chpt2_3.gsh 
*****Analysis of variance***** 
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Variate: logroot 
Fpr.<.OOI 
Total 107 
*****Tables of means***** 
Variate: logroot 
Grand mean 3.096 
treatment Control 1021 838 845 22-5 G270 G271 
3.693 1.563 3.416 
treatment G277 DH5apHC60 
3.044 3.399 
Variate: logshoot 
Fpr. <.001 
Total 107 
Variate: logshoot 
Grand mean 3.769 
3.584 3.465 2.658 3.044 
treatment Control 1021 838 845 22-5 G270 G271 
4.445 1.%3 4258 4.393 4.330 3.315 3.391 
treatment G277 DH5apHC60 
3.544 4.280 
chpt2_ 4.gsh 
***** Analysis of variance ***** 
Variate: logroot 
Fpr. <.001 
Total 395 
*****Tables of means***** 
Variate: logroot 
Grand mean 2.501 
treatment Control 1021 818 14-6 838 845 22-5 
2.999 1.489 2.986 2.790 3.025 2.853 2.967 
treatment g270 g271 g277 rmF909 
1.954 2.563 2.424 1.460 
Variate: logshoot 
Fpr. <.001 
Total 388(7) 
*****Tables of means***** 
Grand mean 3.328 
treatment Control 1021 818 14-6 838 845 22-5 
4.095 1.843 4.074 3.793 3.938 4.035 4.lll 
treatment g270 g271 g277 rmF909 
2.391 3.326 3.137 1.868 
chpt2_5.gsh 
*****Analysis of variance***** 
Variate: logroot 
Fpr. =0.002 
Total 53 
*****Tables of means***** 
Variate: logroot 
Grand mean 2.033 
reatment Control 1021 5422 
3.570 1.116 1.413 
Variate: logshoot 
. F pr. <.001 
Total 53 
Variate: logshoot 
Grand mean 2.603 
treatment Control 1021 5422 
4.752 1.323 1.733 
chpt2_6.gsh 
*****Analysis of variance***** 
Variate: logroot 
Fpr.<.OOl 
Grand mean 2.516 
treatment Control 1021 1021 (10-l) 1021 (10-2) 1021 (10-3) 
3.675 1.650 1.844 2.008 1.705 
treatment 1021 (10-4) 1021 (10-5) 1021 (10-6) 1021 (10-7) 1021 (10-8) 
2.103 2.223 3.138 3.626 3.186 
Variate: logshoot 
Fpr. <.001 
Total 179 
Grand mean 2.984 
treatment Control 1021 1021 (10-l) 1021 (10-2) 1021 (10-3) 
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4.745 1.354 2.121 1.734 1.879 
treatment 1021 (10-4) 1021 (10-5) 1021 (10-6) 1021 (10-7) 1021 (10-8) 
2.487 2.691 3.951 4.632 4.250 
chpt2_7.gsh 
*****Analysis of variance***** 
Variate: logroot 
. Fpr. 0.004 
Total 119 
*****Tables of means***** 
Variate: logroot 
Grand mean 2.228 
treatment Control 2011 2011 (10-1) 2011 (10-2) 2011 (10-3) 
3.361 1.284 0.619 1.331 1.497 
treatment 2011 (10-4) 2011 (10-5) 2011 (10-6) 2011 (10-7) 2011 (10-8) 
2.345 2.000 3.424 3.357 3.064 
Variate: logshoot 
Fpr. <.001 
Total 119 
Grand mean 2.997 
treatment Control 20112011 (10-1)2011 (10-2)2011 (10-3) 
4.774 1.520 1.236 1.833 1.514 
treatment 2011 (10-4) 2011 (10-5) 2011 (10-6) 2011 (10-7) 2011 (10-8) 
2.610 2.768 4.742 4.655 4.315 
chpt2_8.gsh 
***** Analysis of variance***** 
Variate: logroot 
Fpr. <.001 
Total 214(1) 
Variate: logroot 
Grand mean 1.956 
treatment Control 1021 102lgfp sm818 sm818gfp 1:1 1:10 
3.111 1.039 2.472 3.015 2.842 1.421 1.310 
treatment I: I 00 I :1000 I :I 0000 I :50000 I :I 00000 
1.425 1.388 1.750 1.696 1.999 
Variate: logshoot 
Fpr.=<.OOI 
Total 213(2) 
Variate: logshoot 
Grand mean 2.892 
treatment Control 1021 102lgfp sm818 sm818gfp 1:1 1:10 
4.196 1.924 3.144 4.433 4.481 2.026 2.098 
treatment I: I 00 I : 1000 I: I 0000 I :50000 I: I 00000 
1.952 2.824 2.721 2.032 2.872 
chpt2_9.gsh 
*****Analysis of variance***** 
Variate: logroot 
Fpr.=0.002 
Total 131 
***** Tables of means ***** 
Variate: logroot 
Grand mean 2.322 
treatment Control sml021 14-6 14-6gfp 1:1 1:10 1:100 
3.209 1.872 3.411 3.484 1.593 2.032 1.787 
treatment I: 1000 I: I 0000 I :50000 I: I 00000 
1.824 2.025 1.884 2.415 
Variate: logshoot 
Fpr.=O.Ol5 
Total 131 
Variate: logshoot 
Grand mean 2.662 
treatment Control sml021 14-6 14-6gfp 1:1 1:10 1:100 
4.373 2.312 4.084 4.131 1.894 1.810 1.952 
treatment I: 1000 I :I 0000 1 :50000 I: I 00000 
2.088 2.284 1.814 2.535 
chpt2 _I O.gsh 
***** Analysis of variance***** 
Variate: logshoot 
198 
. Fpr.<.OOJ 
Total 71 
Grand mean 4.043 
treatment control liquid FlO sm 1021 liquid FlO 
4.444 2.444 
treatment control FlO (0.6% AGAR) Sm 1021 FlO (0.6%AGAR) 
4.619 3.865 
treatment control FlO (1.2% AGAR) Sm 1021 FlO (1.2% AGAR) 
4.369 4.517 
chpt2 _ll.gsh 
*****Analysis of variance***** 
Variate: logshoot 
Fpr. <.001 
Total 377 
*****Tables of means***** 
Grand mean 3.666 
treatment I 2 3 4 5 6 7 
4.115 1.262 1.782 4.296 2.876 3.711 4.214 
treatment 8 9 I 0 II 12 13 14 
3.276 3.716 4.041 3.289 3.713 4.219 3.698 
treatment 15 16 17 18 19 20 21 
4.088 4.087 3.858 4.261 4.246 4.012 4.237 
chpt2_12.gsh 
*****Analysis of variance***** 
Variate: Jogroot 
F pr. 0.002 
Total 95 
*****Tables of means ***** 
Variate: Jogroot 
Grand mean 2.137 
treatment Control FlO FlO sml021 FO.lmM NaN02 
3.204 1.332 2.745 
treatment FO.lmM NaN02 Sml021 FlmM NaN02 FlmM NaN02 Sml021 
2.137 3.240 2.084 
treatment FIOmM NaN02 FIOmM NaN02 sml021 
1.252 1.101 
Variate: logshoot 
Fpr. <.001 
Total 95 
Variate: logshoot 
Grand mean 2.249 
treatment Control FlO FlO sml021 FO.lmM NaN02 
4.383 1.368 2.641 
treatment FO.lmM NaN02 Sml021 FlmM NaN02 FlmM NaN02 Sml021 
2.079 3.459 1.738 
treatment FlOmM NaN02 FIOmM NaN02 sml021 
0.824 1.496 
chpt2 _13.gsh 
*****Analysis of variance***** 
Variate: logroot 
Fpr. <.001 
Total 71 
Variate: logroot 
Grand mean 2.741 
treatment Control sm1021 sml4-6 Sml4-6pTH2 
2.825 1.057 3.133 3.251 
treatment Sml4-6 pGM 1540 Sm 14-6 pGM 142 
3.109 3.069 
Variate: logshoot 
Fpr.<.OOI 
Total 70(1) 
Variate: Iogshoot 
Grand mean 3.802 
treatment Control sml021 sml4-6 Sml4-6pTH2 
4.332 1.602 4.2 I 7 4.330 
treatment Sml4-6 pGMI540 Sml4-6 pGM142 
4.160 4.173 
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chpt2_14.gsh 
***** Analysis of variance***** 
Variate: logroot 
Total 37(4) 
*****Tables of means***** 
Variate: Jogroot 
Grand mean 3.061 
treatment control Sm102lgip Sm 818gtp Sml4-6gip Sm22-5gtp Sm838gip Sm845gip 
2.881 2.631 3212 3.199 3.170 3.340 2.992 
Total 37(4) 
Variate: Jogshoot 
Grand mean 4.132 
treatment control Sml021gtp Sm 818gip Sml4-6gtp Sm22-5gtp Sm838gip Sm845gtp 
3.923 3.056 4.311 4.440 4.343 4.447 4.405 
chpt3_I.gsh 
*****Analysis of variance***** 
Variate: logshoot 
. F pr.= 0.001 
Total 143 
*****Tables of means***** 
Variate: Jogshoot 
Grand mean 2.259 
treatment Control Sml02l Wl4-2 
4.750 0.729 0.581 
treatment Wl4-2 c only Sm2011(14r) Sm201l(8r) 
4.802 1.016 1.362 
treatment wl4-2 Conly (8r) Wl4-2 Conly (14r) 
2.878 1.955 
chpt3_2.gsh 
*****Analysis of variance***** 
Variate: Jogroot 
Total 69(2) 
*****Tables of means***** 
Variate: Jogroot 
Grand mean 2.602 
treatment Control Sm1021 Sm2011(14R) Sm2011(8R) R4(rifR) 
3.313 1.097 2.040 1.689 2.541 
treatment R4(8R) a R4(8R) b R4(8R) c R4(8R) d R4(8R) e 
2.891 2.905 2.984 3.188 2.909 
treatment R4(8R) f R4(8R) g 
2.856 2.807 
*****Analysis of variance***** 
Variate: Jogshoot 
Total 68(3) 74.6382 
*****Tables of means***** 
Variate: logshoot 
Grand mean 3.473 
treatment Control Sml02l Sm2011(14R) Sm201l(8R) R4(rifR) 
4.308 1.719 2.046 1.973 3.743 
treatment R4(8R) a R4(8R) b R4(8R) c R4(8R) d R4(8R) e 
4.219 4.127 3.998 4.284 3.976 
treatment R4(8R) f R4(8R) g 
3.808 3.472 
*****Analysis of variance (adjusted for covariate)***** 
Variate: Jogshoot 
Covariate: logroot 
. F pr. = 0.002 
Total 68(3) 
Catalogue of file chpt3 _I.gsh 
***** Analysis of variance***** 
Variate: logshoot 
Fpr.<.OOI 
Total 134(9) 459.2040 
* MESSAGE: the following units have large residuals. 
block l treatment Wl4-2 Conly (14r) -0.627 s.e. 0.239 
block 2 treatment W14-2 Conly (14r) 0.494 s.e. 0.239 
block 3 treatment Wl4-2 Conly ( 14r) plant 18 
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*****Tables of means***** 
Variate: logshoot 
Grand mean 2.518 
-1.382 s.e. 0.519 
treatment Control Sml021 W14-2 
4.750 0.822 0.581 
treatment Wl4-2 c only Sm2011(14r) Sm2011(8r) 
4.802 1.216 1.362 
treatment w14-2 Conly (8r) Wl4-2 Conly (14r) 
4.657 1.955 
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